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Abstract
The prevalence of sleep problems in elderly care home residents may be explained by 
age-related changes in the circadian timing system, the homeostatic regulation of the 
sleep/wake cycle, reduced visual function and inadequate light exposure. This study 
investigated the effect of a continuous daytime light intervention in communal care home 
rooms on the light environment, on care home residents’ light exposure and rest-activity 
rhythms.
The 12-week study was conducted in recruited participants (11 males 69 females, 86± 8 
years) in seven care homes during the autumn/winter months. After a baseline week, each 
light intervention period (4000 K 200 lux or 17000 K 1000 lux) lasted 4 weeks, with a 3- 
week washout period in between (original care home lighting <100 lux). Light exposure 
(n = 44) and rest-activity (n = 52) data were recorded constantly using wrist worn 
Actiwatches.
The 17000 K light condition significantly increased the light intensity of the room 
environment and the time that residents spent in bright light. In the 17000 K light 
condition, the peak time of activity (acrophase) was significantly advanced and the mean 
activity level during the day (MIO) and night (L5) increased compared to the 4000 K light 
condition. Participants with the most light exposure (338 ± 105 mins/day >100 lux) 
during the 17000 K light condition had significantly more advanced L5 and MIO onset 
times compared to the participants that spent the least amount of time in the light (46 ±21 
mins/day >100 lux). Despite the heterogeneity of the study population (65% on 
medication and 64% wheelchair bound), this study demonstrated that the 17000 K light 
intervention was sufficient to affect some rest-activity parameters significantly.
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CHAPTER ONE 
INTRODUCTION
1 Introduction
1.1 Physiological control of sleep
Alex Borbely (Borbely, 1982) proposed that there were two underlying processes that 
regulate sleep:
• Circadian process (C), a clock like mechanism with alternating periods of high 
and low sleep propensity independent of prior sleep and waking;
• Homeostatic process (S) that mediates the increase of sleep propensity due to prior 
wakefulness and its dissipation during sleep.
This was named the two-process model of sleep (Figure 1.1) and has since been refined. 
The original qualitative model (Borbely, 1982) was elaborated to quantitative versions 
that included the ultradian dynamics of sleep in relation to the non rapid eye 
movement/rapid eye movement (NREM/REM) sleep cycle (Daan et al, 1984; 
Achermann and Borbely, 1990).
1.1.1 Homeostatic process
Human sleep undergoes homeostatic regulation that is expressed by sleep need and sleep 
propensity (Borbely et al, 1981; Dijk et al, 1987). As part of the two-process model that 
postulates that the homeostatic Process S rises during waking and declines during sleep, 
the function S was derived from a physiological variable, electroencephalogram (EEC) 
slow wave activity (SWA), where the frequency range is between 0.75 and 4.5 Hz. Sleep 
deprivation studies that investigated the sleep-homeostatic process revealed an increase of 
both EEG theta activity (4.5 - 8 Hz) during wakefulness (Cajochen et al, 1995; Cajochen 
et al, 1999a) and during recovery sleep, and an increase in SWA most pronounced in 
frontal cortical areas (Cajochen et al, 1999b). These studies were conducted under a 
constant routine protocol and led to high homeostatic sleep pressure due to sleep 
deprivation. Under low sleep pressure conditions, using a nap protocol, there was a 
subsequent decrease in SWA and EEG theta activity during the post nap night (Feinberg 
et al, 1992; Werth et al, 1996).
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Figure 1.1: The two process model of sleep.
(A) The homeostatic process, (B) The circadian process, (C) The ultradian process (Borbely, 1982; Borbely 
and Achermann, 1992).
The circadian process exerts changes in EEG activity during REM and NREM sleep. 
These changes in the REM and NREM spectra are different to those observed from sleep 
deprivation and exhibit a close temporal association with the melatonin rhythm and 
circadian phase of sleep consolidation (Dijk et al, 1997). This was certainly the case in 
the frequency range of sleep spindles (12 - 16 Hz) that show high circadian rhythm 
amplitude with an opposite phase position to the melatonin rhythm. In the SWA range 
(0.75 - 4.5 Hz), however, variation in activity was primarily dependent on prior sleep time 
and only slightly affected by circadian phase (Dijk et al, 1997; Knoblauch et al, 2002).
1.1.2 Circadian process
Most living beings, animals or plants change their behaviour on a daily basis (24 h) in a 
rhythmical manner. Circadian rhythms are present in many biological functions, i.e. their 
temporal variation may be considered as a cyclic function. An internal time-keeping 
system or biological clock exists and is defined as the persistence of circadian rhythmicity 
in an environment without any knovm external time cues. The biological clock must also 
have a mechanism for entrainment to any external time cues and its periodicity must be 
temperature compensated i.e. it must maintain the same rhythm at different temperatures 
(Pittendrigh, 1960).
Nathaniel Kleitman conducted a series of experiments that showed that the performance 
of a wide range of tasks changed throughout the day and that there was a slight but 
regular fluctuation of body temperature in humans (Kleitman, 1963). Further human 
research in the 1960's, in which the first temporal isolation units were used, showed the 
presence of an endogenous free running rhythm (Aschoff, 1960). When a subject was free 
running and allowed to choose when to sleep and eat, the circadian oscillation of body 
temperature and the sleep/wake cycle became uncoupled, showing internal 
desynchronisation (Aschoff et al, 1967).
The results of continued studies on humans were interpreted as social cues being the 
principal synchronizer of circadian rhythms (Aschoff et al, 1971). This was in direct 
contrast to all other eukaryotic organisms in which the light dark cycle was shown to 
entrain the circadian system to the 24 h day (Chandrashekaran and Loher, 1969; McGuire 
et al, 1973; Czeisler et al, 1981). In addition to this, the period of the activity rhythm, 
characterized by the first use of actograms in humans, was reported to range from 13-65 
hours (median 25.2 h) and the period of the body temperature rhythm reported to average 
25 hours in adulthood (Wever, 1979). However, many years later, mounting evidence 
revealed that those observations were based on studies where humans were exposed to 
light levels sufficient to confound circadian period estimation at self-selected times 
(Boivin et al, 1996; Klerman et al, 1996; Zeitzer et al, 2000).
Precise estimation of the periods of the endogenous circadian rhythms of melatonin, core 
body temperature (GET), and cortisol in healthy young and older individuals living in 
carefully controlled lighting conditions (including “forced desynchrony” protocols) has 
now revealed that the intrinsic free running period of the human circadian pacemaker
(tau,x) averages 24.18 hours (Czeisler 1995; Middleton et al, 1996; Hiddinga et al, 
1997; Czeisler et al, 1999). Therefore v^ithout an external time cue to reset it, the internal 
circadian rhythm would free run and become out of phase with the external environment 
(Czeisler et al, 1989). This is what happens in bilaterally enucleated blind people who 
exhibited free running rhythms and did not appear to entrain to the 24 h day even in the 
presence of strong social cues (Lockley et al, 1997).
Numerous studies have now shovm that light, natural or artificial, of sufficient intensity 
can affect human circadian tau, phase and amplitude (Czeisler et al, 1986; Czeisler et al, 
1989; Minors et al, 1991; Boivin et al, 1996) (section 1.3.2), so much so that light has 
now acquired the status of primary zeitgeber, leaving social cues, physical 
activity/exercise (Buxton et al, 2003) and timed meals (Bogdan et al, 2001; Bahammam, 
2006) as weaker time cues in human circadian entrainment. The mechanism of action of 
these nonphotic cues has yet to be elucidated with no strong evidence for sensory specific 
nonphotic inputs to the human central biological clock (Mistlberger and Skene, 2004). 
Whilst nonphotic cues have shown little effect on the central circadian pacemaker their 
effect on peripheral clocks remains to be assessed.
1.2 The circadian system
In its simplest form, the mammalian circadian system is made up of three interacting parts 
(Figure 1.2) The input pathways that relay environmental information and entrain 
circadian oscillation, the endogenous pacemakers that maintain circadian periodicity in 
the absence of environmental information from the input pathways and the output 
pathways that control overt circadian rhythms i.e. a variety of endocrine rhythms, 
locomotor activity and core body temperature (Goldman, 1999).
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Figure 1.2; The circadian system. 
Taken from Stevens et al. (2007).
The master pacemaker in mammals is located in the suprachiasmatic nuclei (SCN), 
approximately 100,000 neurons located in the ventral part of the anterior hypothalamus 
(Klein and Moore, 1979; Lydie et al, 1980; Hofman et al, 1988). Eleetrophysiological 
studies on rats have demonstrated that circadian oscillations in the SCN are generated in 
individual neurons in a cell-autonomous fashion (Welsh et al, 1995).
Photic information is perceived by cells of the retina and is transformed into a neuronal 
signal that reaches the SCN via the retinohypothalamie tract (RHT) (Berson et al, 2002). 
The molecular phase of the SCN is then adjusted in a process that may involve activation 
of the clock genes Perl and Per2 in immediate-early fashion that is, without the need for 
prior protein synthesis upon light stimulation (Albrecht et al, 1997; Shigeyoshi et al, 
1997). The SCN controls or influences the daily rhythm of many physiological variables 
including pineal melatonin synthesis, cortisol synthesis in the adrenal cortex (via 
corticotrophin-releasing hormone, CRH), CRT, vasopressin and thyroid-stimulating
hormone. These would be classed as SCN driven rhythms on the output pathway of the 
circadian system (Skene and Arendt, 2006).
Clock genes are not only expressed within cells of the SCN but are also rhythmically 
expressed in most cells of the body (section 1.2.6). These peripheral oscillators are 
capable of expressing several cycles of circadian gene expression in vitro and have been 
observed in liver, lung and skeletal muscle tissue in mammals (Yamazaki et al, 2000). 
Recent evidence suggests that some peripheral clocks, e.g. the liver clock, are set by daily 
feeding (Damiola et al, 2000; Stokkan et al, 2001). In principle, the entrainment of 
peripheral clocks by brain-driven fasting-feeding cycles allows peripheral tissues to 
anticipate daily fasting and food consumption, potentially optimizing processes required 
for food ingestion, metabolism, and energy storage and utilization (Lamia et al, 2008).
1.2.1 The eye
There are essentially two functions of the human eye. Human eyes serve as the sensory 
organ required for vision and as the primary input pathway for non-visual responses 
(section 1.3). The eyes are fluid-filled spherical organs that efficiently transfer photic 
information from the external environment to various regions of the brain. At the front of 
the eye, light passes through the transparent cornea and lens that refract and focus it 
though the vitreous humour onto the network of photoreceptor cells within the retina 
(Figure 1.3). The iris, seen through the cornea, is the structure that contains two sets of 
muscles required to adjust the size of the pupil to control the light passing onto the retina 
and contribute towards the clarity of the image formed (Purves et al, 2001).
1.2.2 Photic input pathway
The retina is organised into three basic cell types found in different layers. Rod and cone 
photoreceptors span the pigment epithelium and the outer nuclear layer that have synaptic 
terminals with bipolar cells and horizontal cells in the outer plexiform layer. The bipolar 
cells span the inner nuclear layer and the inner plexiform layer where synaptic terminals 
contact amicrine cells and ganglion cells, the axons of the latter forming the optic nerve 
(Figure 1.4).
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Figure 1.3: Anatom y o f  the eye. 
Adapted from Purves et al. (2001).
Through a process ealled phototransduction, photopigments, containing chromophores 
(an aldehyde of vitamin A) and an opsin protein, within the rod and cone cells, absorb 
photons of light. In rod cells, where the only photopigment is called rhodopsin, when a 
photon is absorbed the 11-cis retinal isomer ehanges configuration into an all-trans retinal 
(Purves et al, 2001). This triggers a G-protein (transductin) which in turn activates a 
phosphodiesterase (PDE). The PDE hydrolyzes cyclic guanosine monophosphate (cGMP) 
reducing its concentration and resulting in the closure of sodium channels. The rod cell 
then becomes hyperpolarized, due to the lower concentration of sodium ions that 
ultimately leads to a lower rate of release of neurotransmitters, such as glutamate (Werner 
and Chalupa 2003). Glutamate acts to inhibit postsynaptic retinal neurons such as bipolar 
cells, which means that the lower concentration of glutamate excites these neurons and
leads to the signal being passed onto ganglion eells and their axons along the optic nerve 
to various brain regions.
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Figure 1.4: Cross-section o f  the retina. 
Adapted from Purves et al. (2001).
The number of rods in the human retina (91 million) exceeds the number of cones (4.5 
million) and although generally there is a greater density of rods throughout the retina, in 
one region called the fovea (1.2 mm in diameter), cones outnumber rods. The high 
number of cones in the fovea and the one to one relationship with the number of bipolar 
cells and ganglion cells in the central most region ealled the foveola, allows this region to 
mediate high visual acuity.
The rod system is extremely sensitive to light but has very low spatial resolution, unlike 
the cone system which has high spatial resolution but lower light sensitivity. Rod 
mediated perception is ealled scotopic vision whereas cone mediated vision is called 
photopic vision. When luminance levels are sufficiently high the contribution of rods to
vision drops as they reach a point of saturation and photopic vision increases. Mesopic 
vision describes the point in which both rods and cones contribute towards light 
perception which occurs at light levels during twilight.
Unlike rods, cone photoreceptors can be one of three different types, depending upon the 
photopigment, called S, M or L cones. This refers to the maximum wavelength sensitivity 
{X max) of the cone, S for short wavelength ‘blue’ sensitivity, M for medium wavelength 
‘green’ sensitivity and L for long wavelength ‘red’ sensitivity. The X max of the cone 
photopigment depends upon the nature of the opsin protein attached to the chromophore. 
The absorption spectra of the cone opsins follow the same almost bell shaped pattern, 
knovm as a Dartnall Nomogram (Dartnall, 1953) where absorbance is defined as the log 
value of the intensity of incident light divided by the intensity of the transmitted light. 
The spectral absorption curves in humans (Purves et al, 2001) reveal a X max for the S- 
cone opsins at 419 nm, the M cone opsins at 531 nm, the L cone opsins at 559 nm and for 
rhodopsin at 496 nm.
L2.2.1 Melanopsin and intrinsically photosensitive retinal ganglion cells 
The finding that mice lacking rod and cone photoreceptors still exhibited circadian wheel 
running behaviour and phase-shifting responses to light, and that enucleated mice did not 
exhibit these effects provided evidence that a novel ocular photoreceptor regulated 
circadian entrainment in mammals (Freedman et al, 1999). Later studies in mice revealed 
that this novel ocular photoreceptor also mediated other responses to light, including 
pupillary constriction, melatonin suppression and acute changes in locomotor behaviour 
(Lucas et al, 1999; Lucas et al, 2001; Mrosovsky et al, 2001). The discovery of 
melanopsin in dermal melanophores of Xenopus laevis and the expression of melanopsin 
mRNA in the iris and the brain suggested a role in vision and non-visual photoreceptive 
tasks (Provencio et al, 1998). Further studies isolated melanopsin to the inner retinal cell 
layers in humans (Provencio et al, 2000) and later exclusively to retinal ganglion cells 
(RGCs) in mice (Gooley et al, 2001; Hannibal et al, 2002) and primates (Dacey et al,
2005) that had direct projections to the SCN. These intrinsically photosensitive retinal 
ganglion cells (ipRGCs) represent a very small minority of the total number of retinal 
ganglion cells found within the mammalian retina, representing < 1% of the total found 
within primates (Dacey et al, 2005). Unlike other RGCs the ipRGCs also express the
peptide neuromodulator, pituitary adenylate cyclise activating polypeptide (PACAP) 
(Hannibal et al, 2002).
1.2,2,2 Rod and cone interaction with the non-visual light response 
A growing body of evidence from studies in rodents suggests that the rod and cone visual 
photopigments also contribute to the non-image forming responses to light (section 1.3) 
that are primarily mediated through the ipRGCs (Wong et al, 2007; Guler et al, 2008). 
As mentioned previously (section 1.2.1) photic information from the rods and cones is 
transmitted vie the bipolar cells, horizontal cells and the amacrine cells to the ipRGCs 
(Purves et al, 2001). The duration and irradiance of the light stimulus determines the 
relative contribution (of the different types of photoreceptor cells) to the response as was 
shovm in melanopsin knock out mice (Ruby et al, 2002; Lucas et al, 2003). Recently 
Lall et al (2010) found that in mice, rods drive circadian responses to very low 
irradiances (scotopic threshold), that circadian responses to light in the photopic range 
can be rod driven and that light adaptation limits the influence of cones on non image 
forming vision. In humans a recent study has shovm that in response to just a 2 second 
light stimulus, the melanopsin photoresponse contributed significantly to a 
pupilloconstriction that was three quarters of the maximum response (McDougal and 
Gamlin, 2010). Additionally this study found that using a steady state light, at irradiances 
below the threshold of the melanopsin photoresponse, cone photoresponses driving 
pupilloconstriction contributed little after 30 seconds, but rod photoresponses adapted less 
and contributed significantly to pupilloconstriction.
1.2.3 Retinal output pathways
The SCN receives direct monosynaptic input from the ipRGCs of the retina via the 
retinohypothalamie tract (RHT). Evidence from rodent studies indicates that, in addition 
to innervations to the SCN, ipRGCs have direct monosynaptic innervations to several 
brain regions (Figure 1.5). These regions include components of the lateral geniculate 
nucleus (LGN), including the ventral division (LGNv) and the intergeniculate leaflet 
(IGL) (Pickard, 1985). The IGL and LGNv have been implicated in a modulating role in 
photoperiod responsiveness and arousal in Siberian hamsters and mice (Harrington, 1997; 
Freeman et al, 2004; Kim and Harrington, 2008). Other areas receiving input from the
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ipRGCs are the olivery preteetal nucleus (OPN), responsible for the control of the 
pupillary light reflex (Hattar et al., 2002; Hattar et al, 2006); the ventrolateral preoptic 
nucleus (VLPO), implicated in alertness and the ventral subparaventricular zone (sPVZ), 
implicated in circadian and photic regulation of sleep and locomotor activity (Gooley et 
al, 2003; Hattar et al, 2006).
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Figure 1.5: Regions and circuits innervated by the ipRGCs.
Cross section o f a mouse brain. Dark blue line: represents ipRGC axons leading to target regions in red, 
orange line with green targets: represents polysynaptic pathways leading eventually to the pineal gland and 
melatonin regulation, light blue line: represents the circuitry of the pupillary light reflex with purple centres 
representing the synapses in this parasympathetic circuit. I: Iris, CG: ciliary ganglion, SCN 
suprachiasmatic nucleus, PVN: paraventricular nucleus, LGNv: ventral lateral geniculate nucleus, IGL 
intergeniculate leaflet, OPN: olivery pretectal nucleus, EW: edinger-westphal nucleus, IML 
intermediolateral nucleus, SCG: superior cervical ganglion, P: pineal. Taken from Berson (2003).
Recent research has revealed at least five subtypes of melanopsin since the initially 
discovered Ml ipRGC subtype (Ecker et al, 2010; McNeill et al, 2011). These new 
subtypes show heavy innervations of the superior colliculus (SC) and the dorsal lateral 
geniculate nucleus (dLGN, a thalamic relay centre for visual processing) in mice. In the 
Ecker et al study (2010) mice lacking rods and cones had measurable visual acuity, 
indicating a role of these ipRGCs in spatial information as well as luminance. 
Additionally Ml and M2 subtype ipRGCs had been shown to differentially innervate the 
OPN (Ml 45% and M2 55%) and the SCN (Ml 80% and M2 20%), although currently 
the functional significance of this is unknown (Baver et al, 2008).
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1.2.4 The SCN
Discovered in the 1970’s (Moore and Eichler, 1972; Stephan and Zucker, 1972) and 
containing approximately 100,000 neurons (Hofman et al, 1988) the SCN are the 
location of the central circadian oscillator. This small (1 mm^ in volume) group of 
parvocellular neurons are part of the anterior hypothalamous and is located dorsal to the 
optic chiasm on either side of the third ventricle (Hofman and Swaab, 2006). Smaller 
neurons found within the ‘shelT (dorsal medial part) of the SCN contain arginine 
vasopressin (AVP) (Van Leeuwen et al, 1978) and neurotensin, whereas larger neurons 
within the ‘core’ (ventrolateral part) have extensive dendritic arbors and contain 
vasoactive intestinal polypeptide (VIP) neurotensin and other neurotransmitters (Mai et 
a/., 1991).
5-HTSCN
) Glu. PACAPRHT
Retina
Figure 1.6: SCN input pathways.
SCN; suprachiasmatic nuclei, RHT: retinohypothalamie tract, GHT: geniculohypothalamic tract, IGL: 
intergeniculate leaflet, DRN: dorsal raphe nucleus, MRN: median raphe nucleus, Glu: glutamate, PACAP: 
pituitary adenylate cyclise-activating peptide, NPY: neuropeptide Y, G ABA: gamma aminobutiric acid, 5- 
HT: serotonin. Taken from Dibner et al. (2010).
Although both shell and core neurons have pathways to other brain regions (Dai et al, 
1997; Kalsbeek and Buijs, 2002) the ventrolateral group of neurons predominantly 
receive photic neuronal signals from the RHT (Sadun et al, 1984; Dai et al, 1998) and 
secondary visual projections from the IGL via the geniculo-hypothalamic tract (GHT). 
Although this input is nonphotic in origin the VIP expressing neurons of the SCN also 
receive serotinergic (5-hydroxytryptamine, 5-HT) input from the raphe nuclei (RN)
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(Francois-Bellan et ah, 1992; Van Esseveldt et ah, 2000). The dorsal and median raphe 
nuclei also transmit nonphotic information to the IGL (Meyer-Bemstein and Morin, 1996) 
which is thought to encode information about locomotor activity (Janik and Mrosovsky, 
1994; Garmon and Rea, 1995) that may be integrated with photic information at the SCN. 
The neurotransmitters glutamate (Castel et al, 1993) and PACAP (Haimibal et al, 1997) 
located in the terminals of RHT neurons have been reported to code for light and darkness 
information, respectively (Van Lsseveldt et al, 2000; Hannibal et al, 2002).
1.2.5 Output signals of the SCN circadian oscillator
The SCN has output projections of neurons to various areas throughout the hypothalamic 
and thalamic brain structures (Kalsbeek et al, 2006). In the rat and hamster the major 
regions include the sPVZ (section 1.2.3), the PVN (involved in regulation of pineal 
melatonin synthesis) and the dorsomedial and ventromedial nuclei of the hypothalamus 
(DMH and VMH) (involved in cardiovascular function) (Watts et al, 1987; Goren et al, 
1997). Segregation of projections results in core neurons projecting to the lateral sPVZ, 
whilst the shell neurons projects to the medial sPVZ and the DMH (Leak et al, 1999). 
Other smaller projections to the raphe nuclei and the LGN may indicate a feedback loop 
mechanism in which the SCN can modulate its own input (Van Lsseveldt et al, 2000). A 
prominent indirect projection from the SCN to the locus coeruleus (LC) in rodents 
(Aston-Jones et al, 2001) is thought to mediate arousal and regulate the sleep/wake cycle. 
This was shown in rats that were light deprived causing a loss of noradrenergic fibres and 
decreased amplitude of the sleep/wake rhythm (Gonzalez and Aston-Jones, 2006). 
Recently an indirect projection from SCN neurons has been discovered that links it, via 
the medial preoptic nucleus (MPON), to the ventral tegmental area (VTA). The VTA is 
thought to be involved in motivated learning, arousal and sleep-wake regulation (Luo and 
Aston-Jones, 2009).
1.2.6 Peripheral clocks
In mammals the SCN is best described as the conductor that synchronises the individual 
peripheral clocks into a coherent rhythmical system. The peripheral clocks are the 
individual self-sustaining clocks found within almost all cells, tissues and organs within 
mammals (Dibner et al, 2010). The first evidence of peripheral clocks was the discovery
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of the circadian rhythm of oxygen consumption in rat liver in vitro (Langner and Rensing, 
1972). There are many routes by which the SCN could exert its influence to align the 
correct phase of peripheral oscillators from body temperature rhythms, endocrine (e.g. 
melatonin, cortisol) and neuronal signals and more indirectly via behavioural (e.g. 
feeding, activity) rhythms. For organs such as the liver, kidneys, pancreas and heart the 
feeding rhythms zeitgeber driven by rest-activity rhythms appears to be the most 
dominant for entrainment of their own (peripheral) clocks (Damiola et al, 2000; 
Yamazaki et al, 2000). In mice the endogenous and environmental temperature rhythms 
also appear to play a part in resetting peripheral clocks either directly through the control 
of the SCN or via rest-activity rhythms (Brown et al, 2002). Additionally the SCN uses 
humeral and neuronal signals, via the sympathetic nervous system, to entrain peripheral 
clocks in a more direct manner in rats (Vujovic et al, 2008; Cailotto et al, 2009). 
Although recent discoveries have found a number of signaling pathways through which 
the SCN exerts control over peripheral clocks, the finer details of these pathways are still 
poorly understood and further research is required.
1.3 Non-visual effects of light and spectral sensitivity
There are two distinct functions of light in mammals: one is visual perception; the second 
is as a means to assess time of day and season. The latter are classed as non-visual effects 
of light or non-image forming (NIF) responses to light. There are two types of NIF 
responses, these are acute and circadian and both are dependent upon circadian time, light 
intensity (Czeisler et al, 1989), light duration and the spectral composition of the light 
(Revell and Skene, 2007).
1.3.1 Acute effects
Ocular light exposure during the early subjective night has a number of acute effects on 
mammals. The physiological effects include suppression of nocturnal pineal melatonin 
production (Lewy et al, 1980; Bojkowski et al, 1987; Brainard et al, 1988) (section 
1.3.1.4), pupillary constriction (Lucas et al, 2001) and an elevation in CBT (Badia et al, 
1991; Dijk et al, 1991). In addition to this, light exposure has an acute alerting effect on 
both subjective and objective alertness during the night and during the day (Cajochen et
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al, 2000; Phipps-Nelson et al, 2003) (section 1.3.1.1). Other psychological effects 
include improved mood (Dumont and Beaulieu, 2007) (section 1.3.1.2) which has been 
suggested may be partly mediated by light-induced changes in the metabolism of brain 
thyroid hormones (Sher, 2001). A good example of this is the effect of light therapy on 
the mood of sufferers of seasonal affective disorder (SAD) (Glickman et al, 2006; 
Monteleone and Maj, 2008).
The acute effect of light on melatonin suppression is not only dose dependent (Zeitzer et 
al, 2000) but also wavelength sensitive (Brainard et al, 2001; Thapan et al, 2001) 
(section 1.3.1.4). This was also the case with increased heart rate and increased alertness 
which was found to have a dose-dependent and wavelength sensitive relationship with 
light, where short wavelength blue light was shown to have the greatest effect (Cajochen 
et al, 2000; Cajochen et al, 2005; Lockley et al, 2006; Revell et al, 2006) (section
1.3.1.1).
L3.L1 Alertness
Forced desynchrony protocols (Dijk et al, 1992) have revealed that the contribution of 
the circadian timing mechanism to subjective alertness is equal to that of the sleep 
homeostat. The lowest measurements of alertness were recorded after long prior 
wakefulness and during the nadir of the endogenous CBT rhythm. Additionally sleep 
inertia, which is an impairment of alertness and performance immediately upon waking 
from sleep, can last up to 4 hours after waking (Jewett et al, 1999). Due to these three 
factors the effects of light upon alertness could be postulated to be most effective during 
the circadian nadir, after 16 hours of prior wakefulness and upon waking from sleep. A 
number of previous studies have investigated and shown that bright light can have an 
alerting effect in the daytime (Phipps-Nelson et al, 2003; Vandewalle et al, 2006) as 
well as at night and that there is no time dependent effect of bright light (Riiger et al,
2006). However, only one previous study has looked at dim light (Phipps-Nelson et al, 
2009) and no study to date has investigated the alerting effect of light at different 
endogenous circadian phases.
A dose response curve created by Cajochen et al, (2000) showed that half the maximum 
alerting response to bright polychromatic light (6.5 h in duration during the early 
biological night) of 9100 lux was obtained with room lighting of -100 lux in three
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different measures of alertness. This showed that the relative sensitivity of the alerting 
effect to light was much higher at lower lux levels than was previously thought possible 
(Myers and Badia, 1993). The alerting response to light in humans however, in addition 
to being dependent on the timing, duration and intensity is also wavelength dependent 
(Cajochen et al, 2005). Although short wavelength monochromatic light (Xmax 460 nm) 
has a greater alerting effect compared to longer wavelengths (A^max 550 nm) (Cajochen et 
al, 2005; Lockley et al, 2006), it is still not clear precisely which wavelength has the 
maximal effect. In two recent studies (Revell et al, 2006; Revell et al, 2010) the effect of 
470 nm and 479 nm monochromatic light on subjective alertness was significantly lower 
when compared to shorter wavelengths of 420 nm and 437 nm. The lower spectral 
sensitivity of subjective alertness compared to the melatonin suppression response 
observed by Revell et al (2010) was suggested to be the differential influence of S-cone 
photopigments possibly at lower irradiances compared to higher light levels for ipRGCs 
(in a manner analogous to the pupil light reflex (PLR) in animal studies, section 1.2.2.2).
As mentioned previously (section 1.2.3) the VLPO has direct innervations from the 
ipRGCs and is thought to be a key area involved in the regulation of the sleep/wake cycle 
as evidenced from animal studies. Due to the presence of innervations from the VLPO to 
monoaminergic and histaminergic nuclei, the VLPO is also thought to play a key role in 
wakefulness (Chou et al, 2002). The LC (section 1.2.5) is also involved in the regulation 
of the sleep/wake cycle and is believed to be associated with increased alertness during 
active periods (Gonzalez and Aston-Jones, 2006).
Functional magnetic resonance imaging (fMRI) in humans has also revealed a key brain 
stem area, the LC, that is employed within the first few seconds in response to short 
wavelength monochromatic light (Imax 473 nm) (Vandewalle et al, 2007). As discussed 
previously (section 1.2.5), in rodent studies, indirect projections from the SCN to 
noradrenergic neurons in the LC, is one of the pathways in which light regulates arousal 
and the sleep-wake rhythms (Gonzalez and Aston-Jones, 2006). It is possible that the 
same pathway is followed in humans.
16
L3.1,2 Mood
The effect of bright light on mood has been used for more than 30 years to treat people 
with SAD (Lewy et al, 1982). Symptoms of SAD include low mood, decreased 
concentration, low energy and fatigue, weight gain, and increased appetite and typically 
recur every year during the shorter days of autumn and winter (Rosenthal et al, 1984). 
Bright light therapy is also used to treat people with subsyndromal SAD (sSAD) which is 
characterized as meeting some but not all of the symptoms of SAD. The mechanisms by 
which light affects mood in SAD and sSAD are poorly understood. Recent studies, 
however, using blue light emitting diodes indicate that short wavelength narrow band 
light (Imax 470 nm) may be more effective in alleviating the depressive symptoms 
associated with SAD when compared to red light (A,max 650 nm) of a similar intensity 
(Strong et al, 2009). Additionally in another study (Meesters et al, 2011), low intensity 
blue-enriched polychromatic lights (17000 K) set at 750 lux were shown to be equally 
effective as a standard (5000 K) polychromatic light, set at 10,000 lux, in treating mood 
as assessed using the structure interview guide for the Hamilton depression rating scale- 
seasonal affective disorder (SIGH-SAD).
Apart from the SAD studies, very few groups have looked at the effects of light on mood 
in healthy non depressed volunteers. The studies that have measured mood have used nine 
point scales and compared different monochromatic lights. The results from these studies, 
however, have been mixed, where Revell et al (2006) found that participants felt 
significantly more depressed during a Xmax 440 nm monochromatic light condition 
compared to a blue Xmax 470 nm light condition; Sletten et al (2009) found that both blue 
(Xmax 456 nm) and green (Xmax 548 nm) monochromatic light increased scores for 
calmness, cheerfulness and elation, although no differences were reported between light 
conditions; and Revell et al (2010) reported no differences in mood scores for calmness, 
cheerfulness and depression in response to monochromatic short or long wavelength light 
(Xmax 437 nm, 479 nm, 532 nm) or polychromatic light conditions (4000 K and 17000 
K).
In humans fMRI scans have revealed short wavelength monochromatic light (Xmax 473 
nm) responses in the right amygdala area of the brain when compared to green light (Xmax 
527 nm) (Vandewalle et al, 2007). The amygdala in humans is involved with the storage
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of hippocampal-dependent memories in response to emotional stimuli, thus it is possible 
that blue light can modulate emotional processing by the amygdala.
1.3.1.3 Performance
Like the parameter of alertness (section 1.3.1.1) prior wakefulness beyond 16 hours has a 
detrimental effect on cognitive performance (Dijk et al, 1992), which is also affected by 
sleep inertia up to the first 4 hours after waking (Jewett et al, 1999). Performance levels 
follow the endogenous CBT rhythm, where performance levels drop at the time of the 
nadir of CBT.
Performance improvements have been observed in response to bright light in a number of 
studies (Campbell and Dawson, 1990; Daurat et al, 1993; Phipps-Nelson et al, 2003; 
Lockley et al, 2006; Phipps-Nelson et al, 2009). Although previously it was thought that 
the effect of bright light on improved performance was related to melatonin suppression, 
one study conducted in the daytime (Phipps-Nelson et al, 2003) and using the 
psychomotor vigilance task (PVT) mean reaction time indicated that the effect works via 
another mechanism.
Not all studies have found significant improvements in performance in response to bright 
light. For example Lavoie et al (2003) found no significant difference between bright 
white light (3000 lux) compared to a dim red light (<15 lux) for subjective measures of 
performance during the first half of the night (00:00 - 04:30 h). This is in contrast to 
Campbell and Dawson (1990) where participants that were exposed to 1000 lux for 8 
hours in a simulated night shift, had improved cognitive performance compared to 
participants under dim light conditions. Until a PRC is created for the effect of light on 
performance, the specific timing that will produce a maximal response to light will 
remain unclear.
As is the case with alertness, the effect of light on performance is short wavelength blue 
light sensitive (Lockley et al, 2006; Phipps-Nelson et al, 2009). Performance 
improvements were shown after 6.5 hours of Xmax 460 nm monochromatic light (12.1 
pW/cm^) administered at night (6.75 hs before CBT nadir) compared to Xmax 550 nm light 
(10.0 pW/cm^) by Lockley et al (2006). The monochromatic light conditions were bright 
in contrast to those used by Phipps-Nelson et al (2009) in which dim blue light (460 nm.
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2 pW/cm^) was compared to dim broad spectrum (white) light (-0.2 lux, 0.5 pW/cm^) 
and improved performance reported. The dim blue lighting in this study (2 pW/cm^) was 
insufficient to suppress melatonin through the night, which further supports the evidence 
that the alerting and performance enhanced responses to short wavelength light are 
independent of melatonin suppression.
The thalamic nuclei in humans are thought to be structures involved in the interaction 
between alertness and cognition (Toucher et al, 2004). In a study by Vandewalle et al 
(2007) the left thalamic region of the brain responded to 50 seconds of short wavelength 
monochromatic blue light (Xmax 473 nm) compared to monochromatic green light (Xmax 
527 nm), which may indicate a role in the performance enhancing effect of light.
1.3.1.4 Melatonin suppression
In humans, bright light suppression of melatonin production at night was first recorded by 
Lewy et al (1980) using polychromatic lights set at 1500 lux and 2500 lux. The finding 
that lux levels of 500 lux was insufficient to suppress melatonin levels (Lewy et al, 
1980), however, was later proved wrong (Bojkowski et al, 1987). Lux levels as low as 10 
lux (6.5 h light pulse) have been shown to produce a significant melatonin suppression 
response to light in young healthy volunteers (Zeitzer et al, 2005).
Light signals from the ipRGCs are transmitted along the RHT to the SCN (Moore et al, 
1995). Efferent signals then pass along a multisynaptic pathway via the PVN, the 
preganglionic neurons of the intermediolateral nucleus (IML), then the superior cervical 
ganglion (SCG) until the signal finally reaches the pineal gland to initiate suppression of 
melatonin (Larsen et al, 1998). The acute suppression of melatonin is maximally 
sensitive to short wavelength blue light (Brainard et al, 2001; Thapan et al, 2001) of 
approximately Xmax 460 nm. Melanopsin containing ipRGC photoreceptors within the 
retina primarily mediate this response, although recent evidence suggests that M and L 
cones may also be involved to some extent (section 1.2.2.2) (Lockley et al, 2003). In a 
recent study by Gooley et al (2010) dose-response curves for Xmax 460 nm and 555 nm 
light showed that cones can drive melatonin suppression initially but it is not sustained. 
Recent findings also suggest that longer wavelengths of 540 -  590 nm are optimal for
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inducing photoreversal of melanopsin (Mure et al, 2009) when studying the PLR in 
humans.
L3.1.5 Memory/sleep
There are two basic forms of memories, declarative and non-declarative. Declarative 
memory or explicit memory as it is sometimes referred to, is the conscious recollection of 
previous experiences and information. Declarative memory includes all episodic 
memories which are memories of past events and semantic memory, which is general 
knowledge memory. Non-declarative memory or implicit memory, is a memory in which 
without conscious awareness previous experience aids the performance of a task 
(Stickgold and Walker, 2007). Types of non-declarative memory include procedural 
memory, which is the memory of how to do things, conditioning, priming, where an 
initial stimulus affects the response to a later stimulus and non-associative learning.
Whereas memory retrieval and encoding seem to take place primarily during waking 
periods, sleep promotes memory consolidation (Diekelmann and Bom, 2010). Memory 
consolidation is the process of transforming and integrating new memories into a network 
of existing older long term memories in a process that appears to occur most efficiently 
when the coding and consolidation take place in different states of consciousness 
(Diekelmann and Bom, 2010).
Procedural memory encoding can be either an implicit or explicit process. Evidence 
suggests that explicit skills are more sleep dependent and implicit skills are more time 
dependent (Robertson et al, 2004). Further evidence suggests that explicit encoding 
(including procedural tasks) may be associated with areas of the brain (the hippocampus 
and prefrontal cortex) involved with motivational and intentional aspects of the task. 
Longer sleep durations appear to have the greatest effect in improvements of procedural 
memories (Walker et al, 2003). However, significant benefits on memory have also been 
observed after shorter duration sleep from 1 -2  hours (Mednick et al, 2003; Nishida and 
Walker, 2007). Although the optimal duration of sleep for memory consolidation is still 
unclear, some studies have shown that the greatest benefit for procedural memory occur 
when sleep happens on the same day that the training was undertaken but not necessarily 
immediately afterwards (Stickgold et al, 2000).
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Different sleep stages have been compared in humans to investigate possible differential 
consolidation of memory forms. Studies have shown that slow wave sleep (SWS), which 
consists of stage 3 and 4 sleep that occurs most frequently in the early part of the sleep 
phase, consolidates declarative (explicit) memories (Plihal and Bom, 1997). REM sleep, 
on the other hand, which occurs most frequently in the later part of the sleep episode, has 
been reported to enhance non-declarative types of memory including procedural and 
emotional aspects of memory (Plihal and Bom, 1997) (Wagner et al, 2001).
1.3.2 Circadian effects
As mentioned previously (section 1.2) the light and dark cycle has a profound effect upon 
the mammalian circadian system and provides it with time of day and seasonal 
information which consequently allows an organism to be synchronised with its extemal 
environment. Numerous studies have now shown that there is a phase dependent effect of 
light upon the circadian system, with light during the late subjective night or early 
subjective day causing phase advance shifts to an earlier hour (Boivin et al, 1996), light 
exposure during the late subjective day or early subjective night causing phase delay 
shifts to a later hour and finally light exposure during the subjective daytime causing very 
small phase shifts. This phenomenon is referred to as the light PRC (section 1.3.2.2) 
(Buresova et al, 1991; Minors et al, 1991; Dawson et al, 1993; Khalsa et al, 2003).
1.3.2.1 Continuous and discrete models o f photoentrainment
Although it is well established that the cycle of day and night is important for the 
entrainment of endogenous circadian rhythms in mammals, the key elements, to which 
the circadian system responds and how exactly it responds, are not well understood. 
Phase shifting in mammalian circadian rhythms has been attributed to two models, (1) the 
continuous or parametric tonic response to the intensity and wavelength of light on the 
rhythm by altering the angular velocity (speed of the clock) of the period (x) (2) the non- 
parametric or discrete (phasic) effects of light that looks at the instantaneous shift in 
phase without affecting a parameter of the system (Johnson et al, 2003).
The continuous model was favoured by (Aschoff, 1960) and is generally used to explain 
the effects of light intensity on photoentrainment across the day as it continuously
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modulates period x. The non-parametric effects of light were emphasised by the work of 
Pittendrigh, (1981) in which he proposed that light and dark transitions, as is the case at 
dusk and dawn, were important for entrainment and not the tonic effect. Step PRCs have 
been used to investigate the effects of light transitions separately (Comas et al, 2008). In 
these experiments light was turned on once or turned off once and the phase shift 
generated is plotted in relation to the circadian phase in which it occurred.
Although the model suggested by Pittendrigh was generally accepted, it falls short in 
explaining the photoentrainment of ground squirrels and other mammals that never see 
dusk or dawn (Daan, 2000). However for daytime active species it seems most likely that 
a combination of both models explain the mechanisms of photoentrainment (Johnson et 
a/., 2003).
L3.2.2 Light phase response curves
Light-induced phase shifts and their phase dependent quantification can be derived by 
creating a phase response curve (PRC) in which the response to a specific light stimulus 
is thoroughly evaluated systematically over the entire circadian cycle. The shape and 
timing of the PRC provides information about the degree of phase shift produced in 
relation to the circadian timing of the light stimulus (Figure 1.7), (Khalsa et al, 2003). 
Early studies (Czeisler et al, 1989) reported phase shifts as large as 12 hours when the 
light stimulus was centred around the CBT nadir with type 0 resetting (slope of the phase 
transition curve was 0 on average). Although three markers of endogenous circadian 
rhythms were measured (CBT, cortisol and urine output) and a constant routine protocol 
was followed (to reduce a masking effect) the results do not compare with the more 
recent study by Khalsa et al (2003). In this study of 21 participants, a constant routine 
was employed with a light stimulus lasting 6.7 h (Khalsa et al, 2003). The lux level was 
far brighter (10,000 lux fixed gaze for 6 minutes alternating with 6 minutes of 5000 -  
9000 lux free gaze) and plasma melatonin was used as the circadian marker. When 
investigating a light PRC only a single light pulse should be administered. As the light 
pulse in the Czeisler et al study (1989) was over three days the light PRC by Khalsa et al 
(2003) is considered a more accurate PRC because only a single light pulse was 
administered. A single (3 h) bright light pulse (9000 lux and 5000 lux) was administered 
in a study by Minors et al (1991) to look at the light PRC using CBT as the marker of the
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endogenous pacemaker. In this study maximum phase shifts of 2 hours were observed, 
however, this study was limited as a mathematical model was used to demask the 
temperature data instead of collecting the data under constant routine conditions. Another 
study (Van Cauter et al., 1994) that looked at the PRC to light in humans by measuring 
plasma melatonin, cortisol and CBT, found a type 1 response to a single (3 h) light pulse 
similar to that measured by Khalsa et al. (2003). Phase shifts averaging 1 hour were 
found with delays being larger than advances with advances occurring approximately 1 
hour after the CBT minimum. However, due to the study design, the authors were only 
able to report phase shifts for less than half of the circadian cycle.
In addition to the timing of the light there is also a non-linear dose dependent relationship 
between the size of the phase shift and the intensity of the light source. As mentioned 
previously (section 1.3.1.4) the circadian system shows a high sensitivity to light, with 
lux levels as low as 100 lux inducing a half maximal response (Zeitzer et al, 2000) 
(Figure 1.7).
1.4 Light parameters
1.4.1 Time of light administration
The effect that light has on endogenous circadian rhythms is dependent upon the timing 
of the light exposure relative to endogenous circadian phase. Light early in the subjective 
night (before the CBT nadir) will have a phase delaying effect and light in the early 
subjective morning (after the CBT nadir), will have a phase advancing effect on the 
endogenous circadian rhythm. As discussed previously (section 1.3.2.2), light PRCs 
constructed using participants in a strictly controlled constant routine environment have 
been created to quantify the circadian response to light in humans.
The control of room temperature, posture, calorific intake and light are essential to 
prevent masking effects of the endogenous parameters being measured in such studies. 
Some studies (Minors et al, 1991) that reported the use of a mathematic linear demasking 
technique were later found to be unreliable for estimating the circadian phase of CBT 
when trying to measure the PRC to light (Klerman et al, 1999). There is conflicting 
evidence about the dead zone where light administration has very little phase shifting 
effect. In one study comparing the light PRC in older and younger individuals, a 6 hour
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dead zone was observed in response to light that corresponded with the timing of the CBT 
acrophase (Kripke et al, 2007). Other studies, however, have found little evidence of a 
dead zone around the timing of the CBT acrophase (Jewett et al, 1997; Khalsa et al, 
2003).
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Figure 1.7: Illuminance (lux) and light phase response curves of the circadian pacemaker .
(A) Illuminance response curve in humans. Phase shift o f the melatonin rhythm the day after 6.5 h o f light 
(Zeitzer et a l, 2000).
(B) Light phase response curve in humans. Melatonin mid-point is 22 h, the X axis shows the timing o f the 
centre o f the light exposure (6.7 h of bright light) relative to the CBT min on the pre stimulus constant 
routine (double plotted). The Y axis represents the phase advances (positive values) or phase delays 
(negative values) (Khalsa et a i, 2003).
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1.4.2 Intensity
As discussed previously the intensity of light has a resetting effect upon circadian 
rhythms in a non-linear manner (Zeitzer et al, 2000). Average indoor lighting was 
originally thought to be insufficient to phase shift circadian rhythms and was not 
controlled for during early human circadian rhythm studies (Aschoff and Wever, 1962). 
More recently it was discovered that light as low as 180 lux could sufficiently phase shift 
the human circadian pacemaker and that levels as low as 100 lux could acutely suppress 
plasma melatonin concentrations (Boivin et al, 1996; Zeitzer et al, 2000). Results from 
one study recently indicated that white light lux levels as low as ten lux could be capable 
of inducing significant changes on the human circadian pacemaker under controlled 
laboratory conditions (Zeitzer et al, 2005).
1.4.3 Duration
Initial studies on the effects of bright light on humans have shown that continuous light 
resets the endogenous circadian rhythms of CBT, melatonin, cortisol, alertness and 
performance by up to 12 hours (Czeisler et al, 1989; Buresova et al, 1991; Dawson et 
al, 1993; Van Cauter et al, 1994). These studies used bright light exposure for up to 7 
hours on a number of consecutive days. More recent studies, however, have looked at the 
effects of intermittent bright light, a scenario that may more closely resemble real life 
(Rimmer et al, 2000; Crowley et al, 2003). In these studies intermittent light duration 
ranged from 5 minutes to 40 minutes with the Rimmer et al. study showing that when 
bright light exposure lasted only 31% of the total study time, 70% of the phase resetting 
response was conserved. A more recent study using just a single sequence of six bright 
light pulses (9500 lux) lasting 15 minutes each found comparable phase resetting results 
of plasma melatonin and CBT to a group exposed to continuous light exposure for 6.5 
hours of the same intensity (Gronfier et al, 2004). The response of the human circadian 
pacemaker to short duration light exposure seems to be no different to that found in other 
organisms (Nelson and Takahashi, 1991; Van Den Pol et al, 1998).
1.4.4 Prior light exposure history
Human studies have found a wide variation in the sensitivity of the circadian rhythm 
resetting response to a light stimulus and yet very little research has focussed on the effect
25
of previous light exposure history. Results from three studies (Hebert et al, 2002; Smith 
et al, 2004; Jasser et al, 2006) indieated that humans exhibit adaptation of cireadian 
photoreception. In the study by Smith et al (2004) two groups of people were exposed to 
either 0.5 lux or 200 lux during the subjective daytime in a pre-study period lasting three 
days. A constant routine (CR) in which melatonin samples were taken followed this along 
with two more CRs in which the subjects were exposed to a fixed light stimulus of 200 
lux for 6.5 hours. The results of this study showed that after the 0.5 lux pre light history 
there was a significant increase in melatonin suppression compared to the 200 lux pre 
light history. This finding appeared to be in line with the Hebert et al (2002) study as 
well as with studies on other mammals (Shimomura and Menaker, 1994; Refmetti, 2003). 
In another study (Jasser et al, 2006) investigated the effect of a prior dim polychromatic 
white light exposure (18 lux for 2 h) or complete darkness during the adaptation period on 
the ability of monochromatic blue light (A^nax 460 nm) to suppress melatonin. The authors 
report a significant loss of melatonin suppression after the dim light adaptation compared 
to darkness. What is not clear, however, is whether it is the prior dim light that causes the 
greater suppression response or the prior brighter light that diminishes the melatonin 
suppression response. Interestingly a recent study has shown the effect of a prior dim (90 
lux or 1 lux) light exposure for three days on the phase shifting response to light (Chang 
et al, 2011). In this study prior light exposure of just one lux (for three days during 
waking hours) before exposure to 6.5 hours of 90 lux at night caused a substantially 
greater phase shift of the melatonin rhythm compared to three days of 90 lux during 
waking hours.
1.4.5 Spectral sensitivity
In 2000 the discovery of a novel photopigment melanopsin, localized to RGCs in humans, 
indicated its function to be involved in NIF processes in the eye (Proveneio et al, 2000). 
Previous to this, evidence in animal studies had been mounting that indieated that rods 
and cones were not the primary mediator of photoentrainment (Freedman et al, 1999; 
Lucas et al, 1999) and that mammals have additional ocular photoreceptors that they use 
in the regulation of temporal physiology (section 1.2.2.1).
Identification of a novel photopigment required investigation into the spectral sensitivity 
of a light dependent response of the human circadian system and the creation of an action
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spectrum. In 2001 a study conducted by Thapan et al looked at the ability of light to 
suppress nocturnal melatonin and investigated its spectral sensitivity to create an action 
spectrum. Volunteers (n = 22) had their melatonin suppression quantified in 215 light 
exposure trials in which they were exposed to a 30 minute pulse of monochromatic light. 
The wavelengths investigated were A^max 424, 456, 472, 496, 520 and 548 nm at 5 to 8 
irradiance levels between 0.7 and 65 pW/em^. With increasing irradiance the suppression 
of melatonin increased for each wavelength investigated. Irradiance response curves were 
fitted and adjusted for lens filtering and were used to create an action spectrum that 
showed unique short wavelength sensitivity that was different from the photopie and 
seotopie visual systems (Figure 1.8).
The peak of the sensitivity was approximately Xmax 459 nm (Xmax 457 nm - 462 nm), 
which did not fit with the absorption spectra for the human rod and S, M and L cone 
photopigments. This peak of sensitivity for melatonin suppression was confirmed by a 
similar study (Brainard et al, 2001). Monochromatic short wavelength light (X^ ax 460 
nm) has since been shown to have the greatest effect upon subjective and objective 
alertness, thermoregulation, heart rate, performance and the ability to sustain attention 
(Cajochen et al, 2005; Loekley et al, 2006; Revell et al, 2006). EEG power analysis in 
the Loekley et al study (2006) and the Munch et al study (2006) demonstrated a blue 
light effect on SWA and REM sleep duration that indicated these effects were probably 
mediated through the circadian NIF visual system. This was interpreted as a stronger 
alerting effect of Imax 460 nm light compared to A^max 555 nm light that persisted into the 
following sleep episode.
Melanopsin appeared to be the most suitable candidate because of its peak in sensitivity 
to short wavelength light (Newman et al, 2003) and because of its location within the 
ipRGCs which project through the RHT directly to the SCN (Hannibal and Fahrenkrug, 
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Although there is strong evidence for a primary role of the melanopsin photopigment in 
NIF responses, recent evidence in animal studies has indieated the involvement of rods 
and cones in NIF responses (Hattar et al, 2003; Lucas et al, 2003; Dkhissi-Benyahya et 
al, 2007) (section 1.2.2.2). With recent genetic ablation studies in mice showing that 
without melanopsin the PLR is maintained in low light irradiances, but not in high
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irradiances, indicating that the melanopsin-associated system and the classical rod/cone 
system are complementary in function (Lucas et al, 2003).
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Figure 1.8: Action spectrum for light-induced melatonin suppression.
Action spectrum for melatonin suppression physiologically derived (■ )
Scotopic visual sensitivity (continuous line)
Photopic visual sensitivity (dashed line) (Thapan et a l, 2001).
In humans the evidence for a possible role of cone photopigments in NIF responses to 
light has been shown in a study comparing at the effects of monochromatic blue (Lmax 479 
nm) and polychromatic light (Revell and Skene, 2007). In this study a 30-minute light 
pulse was administered (of either polychromatic white light or monochromatic blue light) 
to male subjects. Even though the light was matched for its ability to stimulate 
melanopsin the polychromatic light was more effective at suppressing nocturnal 
melatonin levels than the monochromatic blue light. This finding suggested that the 
melatonin suppression response in humans was not solely driven by melanopsin.
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1.5 Sleep, circadian rhythms and ageing
A large body of scientific evidence points towards an adequate level of sleep being 
essential for general healthy functioning (Tochikubo et al, 1996; Doran et al, 2001; Van 
Dongen et al, 2003; Meier-Ewert et al, 2004; Spiegel et al, 2004). Chronic sleep 
restriction is frequently experienced due to medical conditions, sleep disorders, work 
demands, social and domestic responsibilities, and life style. Sleep disturbance are also 
more frequently reported in older people with epidemiological studies indicating that 40 -  
70% may suffer from chronic sleep disturbances (Buysse et al, 1991; Foley et al, 1995; 
Maggi et al, 1998; Van Someren, 2000). In the following sections the age-related 
changes in sleep and the factors that govern sleep will be discussed in relation to current 
experimental evidence.
1.5.1 Sleep problems in older people
Sleep problems among older people are often associated with medical comorbidities 
where previous research has found that the bulk of geriatric complaints and disorders are 
not the result of age-related changes in sleep but are the result of psychiatric, medical and 
health burdens (Foley et al, 1995; Foley et al, 2001; Vitiello et al, 2002). Subjective and 
objective evidence, however, indicates that deterioration in sleep is not limited to 
individuals suffering from other ailments, but also affects healthy older adults (Buysse et 
al, 1991; Bliwise et al, 1992). Common sleep complaints include trouble falling asleep, 
waking up at earlier times, increased night awakenings and difficulty returning back to 
sleep, waking up and not feeling rested (Bliwise et al, 1992; Foley et al, 1995). Women 
more frequently report sleep problems such as awakening not rested, had trouble falling 
asleep and awakening too early compared to men (Maggi et al, 1998). Objective data 
obtained from polysomnography (PSG) have shown that NREM sleep (stages 1 and 2) 
increases in older age whereas REM and SWS decreases (Ohayon et al, 2004). Further 
PSG analysis of sleep architecture has revealed that sleep efficiency (Lauer et al, 1991; 
Monk et al, 1991), total sleep time (Carrier et al, 2001) and wake after sleep onset 
(WASO) (Buysse et al, 1992) all increase with advancing age. Meta-analysis data has 
also revealed that the majority of changes take place between adolescence (from 19 years) 
and adulthood (up to age 60 years) and that over 60 years of age the only significant 
change in sleep is a decrease in sleep efficiency (Ohayon et al, 2004). Furthermore the
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findings from this analysis revealed comparable results for both men and women. It 
should be noted, however, that the criteria for inclusion in the meta-analysis meant that 
only healthy older individuals were included and thus the analysis may not give a true 
representation of the older population. Although there is plenty of evidence to show that 
sleep changes do occur with advancing age and that the most changes manifest before the 
age of 60, there is still no clear indication as to exactly when they occur.
1.5.2 Changes to the homeostatic sleep/wake regulatory system
In addition to a weakened circadian system with advancing age (section 1.5.3), an 
impairment of the homeostatic sleep/ wake regulatory system has been suggested as a 
possible contributor to the observed age-related sleep problems (Dijk et al, 1999). The 
homeostatic sleep/wake regulatory system conveys the need or pressure for sleep that 
builds up during wakefulness and diminishes during sleep. Slow wave sleep and SWA 
exhibit a quantitative relationship with the duration of sleep and wakefulness and provide 
markers for the homeostatic regulatory system (section 1.1.1) (Daan et al, 1984). The 
homeostatic SWA response to sustained wakefulness in older individuals is quite 
different to that seen in healthy younger adults. Older adults tend to show a reduced SWA 
during baseline and recovery nights compared to the young (Landolt et al, 1996; Carrier 
et al, 2001). Presently it remains unclear whether the reduction in SWA is a result of 
decreased cortical functions with age, or if it is an age-related dysfunction to the sleep/ 
wake homeostatic system.
Munch et al (2007) analysed sleep EEG dynamics in younger and older groups of people 
under low sleep pressure conditions using a nap and recovery night protocol to elucidate 
age-related sleep changes. Previous work (Munch et al, 2004) had indicated that under 
high sleep pressure conditions older volunteers react with an attenuated frontal 
predominance of sleep EEG delta activity (0.3 -  3 Hz). However in the 2007 study 
Munch et al (2007) showed that the initial EEG delta response to low sleep pressure was 
similar in healthy older and young participants. From this it was concluded that sleep 
deterioration in the elderly could not be attributed to alterations in sleep homeostasis 
alone and that it was probably a combination of circadian and homeostatic factors.
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L5,2,l Sleep consolidation
Sleep in normal ageing has generally been found to be more fragmented and less 
consolidated (Bliwise, 1993; Dijk et al, 1999). As sleep progresses throughout the night, 
consolidation of sleep begins to deteriorate in all people but in healthy older people this 
seems to occur more rapidly. In the early morning hours there is a decrease in the 
homeostatic drive for sleep and an attenuated circadian signal for sleep that is thought to 
be the cause of reduced sleep consolidation in older people (Dijk et al, 1999).
L5,2.2 Napping
Napping episodes are reported to be more prevalent in older individuals than in younger 
groups of people, with older people inclined to nap more in the evening compared to 
younger people who tend to nap more in the afternoon (Yoon et al, 2003). Data collected 
from actigraphy and sleep diaries have found that napping is associated with increased 
sleep fragmentation although sleep fragmentation was not associated with nap duration 
(Goldman et al, 2008). Some studies have found that napping has little effect on 
subsequent nighttime sleep quality or duration and that it is equally common among self 
reported good and poor sleepers (Campbell et al, 2005; Dautovich et al, 2008). Although 
the frequency of napping is reported to increase with age (Buysse et al, 1992), the 
reasons why remain unclear (Milner and Cote, 2009). A number of studies, however, 
have investigated the benefits of napping in older individuals and have reported improved 
sleep quality and reduced daytime sleepiness as well as some cognitive improvements and 
improved performance in logical reasoning tasks (Creighton, 1995; Tanaka et al, 2001; 
Tanaka et al, 2002; Campbell et al, 2005). These findings could indicate that napping is 
an adaptive strategy to deal with poor quality nighttime sleep that often accompanies 
ageing.
1.5.3 Changes to the circadian system
1.5.3,1 Ocular changes with ageing and the photic input pathway
There is evidence that age-related structural changes occur in the visual system that may 
attenuate light sensitivity of the circadian system. This may be caused by a reduction of 
the amount of light that actually reaches the retina, or a reduction in the number of
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circadian photoreceptors which was shown in studies of older mice (Semo et al, 2003). 
In this study of mice lacking rods and cones a 40% reduction in the number of 
melanopsin containing retinal ganglion cells was observed in older compared to younger 
mice.
In human studies a number of age-related physical changes have been recorded in the eye. 
Verriest (1971) showed that there was a reduction of pupil size with advancing age, while 
other studies have shown that high molecular weight crystalline aggregates collect within 
the lens and cause an increased scattering of light (Jedziniak et al, 1973; Jedziniak et al, 
1975). With advancing age others have observed the formation of light absorbing yellow 
chromophores which increase light absorption in the short wavelength end of the 
spectrum from 400-470 nm (Smith and Pokomy, 1975; Dillon and Atherton, 1990). This 
increased lens density further reduces the transmission of light to the retina (Coren and 
Girgus, 1972; Lerman et al, 1976; Xu et al, 1997; Gamer et al, 1999).
Reduced transmission of short wavelength blue light, to which the circadian system is 
most sensitive (section 1.4.5), may lead to a reduced signal reaching the SCN affecting 
photic entrainment of the clock and/or causing the change in phase angle between 
sleep/wake cycles and the endogenous circadian rhythm as noted by Duffy et al (1998). 
Recently this has been shown in the reduced phase shifting of the melatonin rhythm in 
response to polychromatic light in older compared to younger subjects (Duffy et al,
2007) and in the age-related reduced melatonin suppression in response to 
monochromatic blue light (Herljevic et al, 2005). Age-related changes to the acute 
effects of short wavelength light have also been reported in subjective sleepiness, mood 
and alertness (Sletten et al, 2009). In this study, however, no difference in the phase shift 
of the melatonin rhythm in response to light was recorded between young and old 
subjects, which is in agreement with other studies (Klerman et al, 2001; Benloucif et al, 
2006; Kripke et al, 2007). One suggested reason for this was that for acute immediate 
responses to light (lasting minutes) a reduction in pupil size and reduced lens 
transmission may play an important part in attenuating the signal, whereas phase shifting 
the circadian system requires integration of the light signal over a much longer period of 
time. Age-related changes in the eye might therefore have less of an effect on phase 
resetting.
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In older people there is also a decreased sensitivity of the short wavelength sensitive S- 
cones (Haegerstrom-Portnoy, 1988) as well as a reduced number of cones (Curcio et al, 
1993). These changes were not evenly dispersed across the retina with a 23% decline in 
cone density found at the temporal equator (peripheral cones), but no age-related change 
in cone density at the fovea. The loss of the S-cones was also found to be most prominent 
in non-foveal areas. It is possible that the attenuated NIF response to light in old age is 
due to the reduced sensitivity of S-cones which in some way contribute more to the acute 
response than the phase shifting response (Revell and Skene, 2010). The number of rod 
cells also diminishes with advancing age although, unlike cones, the loss is not localised 
to certain retinal areas (Curcio et al, 1993). Although the contribution of rods (section
1.2.2.2) to NIF responses (as shown in pupilloconstriction experiments) is below the 
irradiance thresholds of the ipRGCs (McDougal and Gamlin, 2010), the loss of rod cells 
in senescence could also contribute to the reduced NIF response to light in older adults. 
Further experiments are required to confirm this.
As mentioned previously (section 1.2.3), evidence from rodent studies indicates that there 
are a number of different subtypes of ipRGCs which differentially project to the SCN and 
OPN (Baver et al, 2008) and have also been shown to innervate the SC and the dLGN 
nuclei mediating object localization and discrimination (Ecker et al, 2010). Although the 
functional significance of these subtypes is still unclear, the age-related decline in cell 
numbers could differentially affect non-visual and phase shifting responses as well as 
visual responses to light.
1,53.2 Age-related changes to the SCN
There is a large amount of evidence that points towards age-related deterioration of the 
human circadian system being caused by deterioration of the SCN (Swaab et al, 1985; 
Hofman et al, 1996; Zhou and Swaab, 1999). Postmortem analysis has revealed a 
decrease in SCN volume and cell number in people between 80 and 100 years of age 
compared to younger people, a difference that is more pronounced in older people that 
suffered with Alzheimer’s disease (Swaab et al, 1985). This was also the case with the 
formation of pretangles and tangles (Van de Nes et al, 1998; Stopa et al, 1999), however 
they were not as commonly observed in healthy older people and only seldom noted in 
the SCN of Alzheimer’s disease sufferers.
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The number of arginine vasopressin (AVP) expressing neurons in the SCN of healthy 
young adults oscillates diumally, which is not the case in older people (above 50 years 
old) (Hofman and Swaab, 1994). Older people exhibited a far more disrupted rhythm and 
reduced amplitude of expression in AVP neurons.
One interesting point in terms of the structure of the SCN is the sexually dimorphic 
deterioration in the numbers of peptidergic neurons with advancing age. In the SCN of 
women the numbers of VIP expressing neurons do not deteriorate with advancing age, 
whereas in men they do. Young men have twice the number of VIP expressing neurons 
compared to young women and yet between 40 and 60 years of age the number falls well 
below that of women of the same age (Zhou et al, 1995; Zhou and Swaab, 1999).
1.5.3.3 Ageing and changes in output signals o f the SCN oscillator
A number of reports indicate that plasma melatonin levels decline with advancing age 
(Waldhauser et al, 1988; Ferrari et al, 2000) as well as other studies that show the same 
trend for the urinary metabolite of melatonin, 6-sulphatoxy-melatonin (aMT6s) (Skene et 
al, 1990; Kennaway et al, 1999; Mahlberg et al, 2006). The Kennaway et al (1999) 
study indicated that although there was a lower production of 6-sulphatoxymelatonin 
(aMT6s) in older people, the change occurred at a young age (20 - 30 years). By contrast 
other studies have reported no significant difference in endogenous melatonin levels with 
advancing age (Zeitzer et al, 1999; Fourtillan et al, 2001). Additionally PRCs to light in 
older individuals compared to younger individuals, using melatonin as a marker of 
endogenous phase, have found no significant differences in the amplitude of the 
melatonin rhythm (Kripke et al, 2007). However, by the authors’ own admission, this 
study did not have sufficient power to detect small differences between the two age 
groups.
Other studies have looked at the relative phase in young and older people of other 
circadian markers such as CBT (Campbell and Dawson, 1992) and have found an altered 
phase angle between habitual wake up time and endogenous circadian CBT phase (Duffy 
et al, 1998; Duffy et al, 1999). The same results have been shown in the endogenous 
melatonin rhythm in older people, who woke up at a time when their plasma melatonin 
levels were much higher compared to a younger group of participants (Duffy et al, 
2002). Reasons for these age-related findings include a reduced strength of the circadian
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signal promoting sleep in the early morning (Dijk and Duffy, 1999) and exposure to light 
in the early morning causing a phase advance in the circadian pacemaker the next day and 
further increasing their propensity to awaken at an earlier time in the morning (Duffy et 
al, 1998). In comparison other studies have not found this difference (Carrier et al, 
1999; Carrier et al, 2002) but have found an advance of both sleep and temperature 
circadian rhythms in older people aged 4 0 -5 8  years. The individuals in the Carrier et al 
study (2002), however, were 10 -2 0  years younger than the participants in the Duffy et 
al study (2002) and the change in phase angle may only manifest itself in older people.
The phase advance of circadian rhythms in older people could also be caused by a change 
in the endogenous circadian period (x) with advancing age. To date no substantial 
evidence has shown a change in period from endogenous circadian rhythm estimates of 
CBT, melatonin and cortisol in humans (Czeisler et al, 1999; Duffy and Czeisler, 2002).
1,53.4 Age-related changes in sleep
A possible role for endogenous melatonin could be in reducing the waking signal 
generated by the SCN (Lavie, 1997; Sack et al, 1997). Some evidence in animal studies 
suggest that the action of melatonin on melatonin receptors (Mella/MTl and 
Mellb/MT2) present within the SCN may inhibit the wake-promoting signal (Liu et al, 
1997). Although the exact physiological mechanisms behind the weaker circadian signal 
in older people are not well understood it is possible that this, along with the altered phase 
angle between the endogenous circadian system and the sleep/wake cycle, is related to the 
reduced sleep consolidation in older people. There is evidence, however, that the 
relationship between melatonin phase and sleep disruption associated with ageing is not 
causal. Findings from the Duffy et al. (2002) CR study revealed that older subjects were 
not only waking up at an earlier clock time but also at an earlier circadian phase. If 
endogenous melatonin was causing a cessation of the waking signal, then it does not 
appear logical that older people should wake at an earlier circadian phase when melatonin 
levels were higher.
In a 40 hour nap protocol with 70/150 minutes of sleep/wake cycles, quantitative 
evidence of a weaker circadian arousal signal was determined in a group of older 
individuals compared to younger individuals (Munch et al, 2005). During the wake 
maintenance zone (in the evening) significantly more sleep and higher subjective
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sleepiness ratings were reported in the older individuals compared to the younger 
individuals. This was also coupled with a reduced circadian modulation of REM sleep 
and spindle frequency. The evidence from the Munch et al. (2005) study suggests that 
age-related changes in sleep propensity are related to the reduced circadian signal that 
opposes the homeostatic drive for sleep (Cajochen et al, 2006).
1.6 Light studies in older people
In addition to age-related physiological changes that may contribute to a diminished 
circadian response to light, the levels of bright light that older people are exposed to are 
generally much lower than in younger people (Savides et al, 1986; Ancoli-lsrael et al, 
1997; Shochat et al, 2000). This may be due to decreased time spent outdoors because of 
limited mobility or poor weather conditions possibly in combination with poorly lit 
indoor environments. Studies that have evaluated the indoor light environment of older 
people’s homes, individual light exposure of older people, diminished responses to light 
in older people and the effects of improved lighting on older people will be discussed in 
the following sections.
1.6.1 Light environment studies
1.6.1.1 The light environment in homes o f community dwelling older people
A literature search on studies that have evaluated the light environment in the homes of 
elderly people found few reports. One recent study conducted in the Netherlands on 91 
participants (aged 65 - 90 years) living independently in sheltered housing, looked at 
lighting levels for visual tasks and lighting for non-visual effects (Aarts and Westerlaken, 
2005). Lighting for visual tasks was evaluated by taking horizontal illuminance readings 
from the positions where everyday tasks were carried out at floor level and 0.5 and 0.7 m 
from the ground. Lighting for non-visual effects was assessed by taking vertical 
illuminance at eye level. Questionnaires were also used to assess the influence of light on 
the participants’ daily activities as well as the Pittsburgh Sleep Quality Index (PSQl) and 
a seasonal pattern assessment questionnaire (SPAQ). All data were collected during the 
winter months only. Light levels recorded were compared to the minimum standards set 
out in the Illuminating Engineering Society of North America (lESNA) RP-28-98 (2001)
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document (300 lux measured 0.76 m from the ground in the horizontal plane). Lux 
readings recorded during the day reached this level in positions near the windows, but not 
in any other positions in the building during the day or at night. Although on average a 
low lux level of 28 was recorded on a circulating route through the buildings 97% of the 
participants did not consider the illuminances to be a problem and 85% were satisfied 
with their overall lighting. The authors of this study stated that the data collection was a 
continuation of a previous study that was conducted on care home residents and 
consequently draws comparisons between the two study populations (unpublished data). 
The results are interesting in that 98% of the independently living participants were 
quoted as spending at least 1 hour a day outside and 70% went outside in the winter 
compared to just 38% of care home residents that went outside all year round.
1.6.1.2 The light environment in care homes for older people
Research on the lighting environment in care homes for older people is sparse. Although 
a wealth of information has been gathered on the effects of light supplementation in care 
homes for older people, very few studies have reported the care home environment 
without any form of light intervention. De Lepeleire et al (2007) looked at the lighting 
levels in eight nursing homes in Belgium, to determine their adequacy in meeting the 
visual needs of elderly residents. The measurements were recorded twice on a sunny day, 
a cloudy day, while dusk was falling and while it was dark in 16 frequently used places 
around the care home. What is interesting about the De Lepeleire et al study (2007) is the 
fact that they compare their readings to the 500 lux recommended by the European 
standard for lighting of indoor work places (British Standards Institution, 2003). They 
also adapted this standard for the general poorer quality of sight in the elderly, by 
increasing it 55% to 750 lux. To meet this standard the care home was required to attain 
the minimum lux level in eight out of 16 places. Out of these, on a sunny day, five out of 
the eight homes met the EU standard and one met the adjusted standard, on a cloudy day 
two of the eight met the EU standard and none met the adjusted standard. The results 
gave a clear indication that lighting in care homes is seldom sufficient for the visual needs 
of older people. In fact the values rarely met the European standard, which also made the 
lighting unsuitable for employees too.
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Although the De Lepeleire et al (2007) states the rooms lux levels were recorded in, no 
details were given about the exact positions of the lux meter i.e. in the horizontal or 
vertical plane, and what distance it was recorded from the ground. Two recent studies 
carried out by Sloane and others (Sloane et al, 2005; Sloane et al, 2007) discuss in detail 
the positioning of lux meters and more specifically the importance of stating which 
direction the light sensors face. They found large differences in light measurements 
depending on which axis the meter was facing and used a map to indicate windows. 
Although the De Lepeleire et al (2007) study was not a light intervention one, a precise 
record of lux reading positions relative to windows and walls would have been more 
beneficial in explaining the results. The results, however, indicate that lighting in care 
homes is currently inadequate for the needs of older people and that lighting is a 
neglected area of consideration.
1.6.2 Individual light exposure studies
A number of previous studies (Table 1.1) have reported light exposure levels in middle 
aged and older people (aged 40 - 100 years) using ambulatory light data loggers 
(Campbell et al, 1988; Espiritu et al, 1994; Ancoli-lsrael et al, 1997; Jean-Louis et al, 
2000; Shochat et al, 2000; Mishima et al, 2001; Kawinska et al, 2005; Staples et al, 
2009; Scheuermaier et al, 2010). Six studies have recruited participants that lived in the 
community (Campbell et al, 1988; Espiritu et al, 1994; Jean-Louis et al, 2000; 
Kawinska et al, 2005; Staples et al, 2009; Scheuermaier et al, 2010) and three studies 
have recruited older people residing in care homes (Ancoli-lsrael et al, 1997; Shochat et 
al, 2000; Mishima et al, 2001). The participants that lived in the care homes tended to be 
older (aged 60 - 100 years) compared to the studies of people living in the community 
(aged 40 - 84 years), which should be considered when direct comparisons are made.
The effect of dementia on study participants’ light exposure has been assessed in three 
studies (Campbell et al, 1988; Ancoli-lsrael et al, 1997; Shochat et al, 2000). Campbell 
et al (1988) reported significantly less time spent in bright light levels (29 minutes > 
2000 lux) in participants with Alzheimer’s dementia compared to age-matched controls 
(59 minutes > 2000 lux).
Both sets of participants were ambulatory community dwelling older individuals therefore 
the difference in average daily light exposure may reflect the pathology of Alzheimer’s
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dementia, including the disruption in the circadian rhythm of rest-activity and increased 
daytime sleep (Shochat et al, 2000). In the Ancoli-lsrael et al study (1997), all 
participants were care home residents with dementia. The key findings in the Ancoli- 
lsrael et al study (1997) were that all participants spent very little time per day in light 
levels > 1000 lux, and that participants with severe dementia spent significantly less time 
(median 1 min) compared to participants with mild to moderate dementia (median 9 min). 
The very low time spent in bright light levels measured in this study may reflect the 
reduced opportunity for residents to spend time outdoors in natural light due to 
institutional routines. The community residing dementia sufferers were not subject to the 
same routines and the greater time spent in bright light levels compared to the care home 
residents may reflect their maintained independence.
Although a number of different studies have investigated light exposure in older people 
using various ambulatory light data loggers, each report their findings in different ways 
making comparisons difficult. In terms of reporting individual light data, the most 
thorough study to date was conducted by Shochat et al (2000). In this study, mean and 
median daily lux levels were reported in addition to mean and median time spent in light 
> 1000 and > 2000 lux. Additionally using a multiple regression analysis the authors of 
this study reported higher individual light levels as a significant predictor of fewer night 
awakenings, with severe dementia as a significant predictor of more daytime sleep, 
increased daytime naps and reduced daytime wakefulness.
Other factors that may affect the time that older people spend in bright light levels have 
also been examined. These include diurnal preference (Staples et al, 2009) and a 
comparison between care home residents with reported insomnia compared to healthy 
age-matched care home residents (Mishima et al, 2001). In both studies, no significant 
differences were reported between participant groups for time spent in light. Another 
parameter that may affect the time that older people spend in bright light is depression 
and an associated withdrawn mood.
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In a study by Espiritu et al. (1994) with 150 participants there was a significant 
correlation between decreased socialization and fatigue and lower illumination. Although 
these findings taken from a rating scale for SAD were significant, the ratings for (non- 
seasonal) depressive symptoms using the centre for epidemiological studies depression 
scale (CES-D) did not correlate significantly with time in light. The age range of the 
participants in this study (aged 40 -  64 years), however, was much lower than would be 
found in a typical care home. The relationship between light exposure and depression 
requires further investigation in older individuals.
The most common way of reporting light data was the mean lux level per day (range 381 
- 554 lux) (Ancoli-lsrael et al, 1997; Jean-Louis et al, 2000; Shochat et al, 2000) and 
the mean (34 - 87 min) (Shochat et al, 2000; Mishima et al, 2001; Kawinska et al, 
2005; Staples et al, 2009) and median (range 1 -5 8  min) (Espiritu et al, 1994; Ancoli- 
lsrael et al, 1997; Shochat et al, 2000) time spent in light > 1000 lux. For these 
parameters the greatest daily mean lux level and the highest mean and median time spent 
in light (> 1000 lux) were all recorded from studies in the community.
1.6.2.1 Limitations o f previous studies measuring light levels
One of the major limitations of all previous studies looking at light exposure in older 
people is the duration of light data collection. In four studies between two and three days 
of light data were collated for study participants (Espiritu et al, 1994; Ancoli-lsrael et al, 
1997; Jean-Louis et al, 2000); Campbell et al (1988) and Scheuermaier et al (2010) 
report two to seven days and two to eight days of light data, respectively; Mishima et al 
(2001) and Kawinska et al (2005) both report seven days of light data and Staples et al 
(2009) 14 days of light data. The low sampling times may not provide a true reflection of 
the average daily light exposure of the study participants and risks overemphasising the 
extremes.
The latitude of all but one study (Staples et al, 2009) was 46° N of the equator or less. 
Northern latitudes have greater variation in day length due to seasonal variation and 
different climatic conditions compared to southern latitudes. However, there are 
measureable differences in natural light levels during seasons at latitudes in which 
previous studies were conducted (Cole et al, 1995). Seasonal differences in natural light 
levels were not reported or considered in most of the previous studies, highlighted by the
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fact that data collection was collected at all times of the year, if reported at all. However, 
in the Staples et al. (2009) study, although data were collected throughout the year equal 
numbers of morning and evening types were recruited in each month and no data were 
collected across daylight savings. Additionally in the study by Scheuermaier et al (2010) 
a similar matching method was employed to compare older and younger participants’ 
light exposure levels that participated during the same month of the year. No details about 
daylight savings time and data collection were reported in any other study. When the lack 
of control for natural light variation in terms of season is factored with the short data 
collection, it is easy to see how the light data collected may vary across studies.
In all but one of the studies that measured light levels in older people (Mishima et al, 
2001), light levels have been measured from the wrist. Although previously light data 
measured from the wrist were thought to correlate well with that measured from the 
forehead (Okudaira et al, 1983; Savides et al, 1986) the issue still remains contentious. 
Due to the possibility that light data loggers could be occasionally concealed by clothing, 
the light data reported from wrist worn data loggers must be interpreted as the minimum 
light level that individuals were exposed to. This approach has been adopted in the 
current study (section 2.2.2.1).
1.6.3 Light intervention studies
A number of studies have looked at the effects of a bright light intervention on the sleep 
and activity of older people. The studies have used light intervention of varying 
intensities for varying periods of time, at different times of day over different study 
lengths. Some have considered all dementia sufferers together, whilst others have looked 
at the level of severity and the type of dementia in subjects when interpreting the results. 
Details of some of these studies, specifically using light boxes or overhead lighting, are 
included in the following section and the limitations of the methodology discussed.
1.6.3.1 Laboratory studies
There are two studies that have investigated the effect of light on melatonin suppression 
and other NIF responses in older people under controlled laboratory conditions (Herljevic 
et al, 2005; Sletten et al, 2009). One other laboratory study (Nathan et al, 1999)
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recruited three age groups of participants, the oldest being 41.7 ± 2 years of age. 
Melatonin suppression from 200 lux polychromatic white light at night (00:00 h - 1:00 h) 
was compared between the three age groups and no statistical difference was observed. 
The lack of statistically different melatonin suppression could be due to the use of 
polychromatic rather than monochromatic short wavelength lights in the study. The older 
participants in this study may not have been old enough to suffer from significant optical 
deterioration or other age-related alterations to the circadian system. The results of this 
study are in direct contrast to that which were reported more recently (Herljevic et al, 
2005).
In the Herljevic et al study (2005) a significantly reduced melatonin suppression was 
observed in response to short wavelength blue monochromatic light (Xmax456 nm, 3.8 and 
9.8 pW/cm^) in older participants compared to younger participants. In the same study 
when (Zmax 548 nm green light was used to suppress melatonin, there was no significant 
difference between the two age groups. This study, however, investigated pre (24 ± 3 
years) and post (57 ± 5 years) menopausal women only and so age-related changes in the 
NIF response to light remained unknown for men. In a more recent study (Sletten et al, 
2009) young (23 ± 2.9 years) and older (65.8 ± 5 years) male participants were exposed to 
2 hours of monochromatic short wavelength blue light (Amax 456 nm) and compared with 
medium wavelength green light (Zmax 548 nm). After exposure to the blue light, timed to 
begin 8.5 hours after dim light melatonin onset, ratings of subjective alertness, sleepiness 
and mood were significantly worse in the older men when compared to the younger age 
group. There was also a difference in the phase advancing response to light (assessed by 
plasma melatonin levels) in the two age groups, however, this did not reach statistical 
significance.
Other studies have looked at the effect of light on sleep and endogenous circadian 
rhythms in older people (Campbell et al, 1993; Murphy and Campbell, 1996; Klerman et 
al, 2001; Duffy et al, 2007; Scheuermaier et al, 2008) in controlled laboratory 
conditions. In the Campbell et al (1993) and Murphy and Campbell studies (1996), 
however, the light intervention (for 2 h in the interval between 20:00 -  23:00 and 21:00 -  
23:00, respectively) was not conducted in a controlled environment, but for 10 out of 12 
days was self administered at the participants homes using a light box placed next to a 
television. After this at home period, in the laboratory CBT was found to be significantly
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phase delayed compared to a control group after light in addition to increased sleep 
efficiency (Campbell et al, 1993). The light intervention increased stage 2, REM and 
SWS duration. In the Murphy and Campbell study (1996) in addition to a CBT phase 
delay, the authors also reported improved performance in a Wilkinson choice reaction 
time task, a logical reasoning task and a two letter visual search test after light 
intervention compared to a control light condition and compared to baseline. The authors 
reported that the increased performance correlated to the increased sleep efficiency in the 
study participants that received the light, but did not correlate significantly with the 
change in circadian phase as measured by CBT.
The phase shifting effects of light have been investigated in older compared to younger 
groups of people in two previous studies (Klerman et al, 2001; Duffy et al, 2007). In the 
Klerman et al (2001) study older and younger men and women were exposed to 5 hours 
of a 10,000 lux light pulse over three consecutive nights. The polychromatic light was 
administered 1.5 h and 3.5 h after the CBT nadir in order to induce a phase advance of the 
circadian pacemaker and 1.5 h before the CBT nadir to induce a phase delay. The authors 
reported that the phase delays in CBT and melatonin did not differ in magnitude between 
the younger and older group of participants, but there was a significantly smaller phase 
advance of the CBT in the older group compared to the younger group. However, the 
results of this study should be treated with caution as the light pulse used was over the 
course of three days and not a standard single light pulse. In the more recent study by 
Duffy et al (2007) a single 6.5 h polychromatic light pulse of varying intensities (2 - 
8000 lux) was used to evaluate the dose response relationship between light intensity and 
phase shifts in older people. These findings indicated an age-related reduction in the 
phase-delaying response to moderate light levels, when compared to findings from a 
previous study in a group of younger individuals (Zeitzer et a l, 2000). There were, 
however, no differences in the phase shifting response to dim or very bright light between 
the younger and older individuals.
1.6.3.1.1 Limitations o f previous laboratory studies
There are limitations and strengths to all of the previously discussed laboratory studies 
investigating the effect of light intervention on older people. The studies that compared 
the response of young and older participants to polychromatic light (Klerman et al, 2001;
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Duffy et al, 2007), showed a reduced phase shifting response in older individuals 
compared to younger individuals that appeared to be dose dependent. The monochromatic 
light studies demonstrated the attenuation of NIF responses to specific wavelengths of 
light in older people (Sletten et al, 2001; Herljevic et al, 2005). Although the results 
from these studies are important in demonstrating that older people require greater levels 
of light than younger people, they did not cover the age range of much older people that 
often reside in care homes. In care home residents, who are often 10-20 years older than 
the participants recruited in the laboratory studies, the diminished response to light may 
be far greater. To date this type of study has not been attempted in very old people (aged 
> 80 years) and would be very difficult to implement in a care home environment.
The limitations of the Campbell et al (1993) and Murphy and Campbell studies (1996) 
include the fact that the light intervention was not monitored in any way in the 
participants’ homes. Although the authors state that participants were phoned every day 
of the light intervention period, this does not guarantee compliance. There was also no 
dim light control in the Murphy and Campbell studies (1996) study but a bright light 
treatment at an earlier time of the day.
1.6.3.2 Field studies
Early studies that have investigated the effects of a light intervention on older people 
tended to focus upon the effects on behavioural symptoms of dementia (Lovell et al, 
1995; Lyketsos et al, 1999) or specifically Alzheimer’s disease (Satlin et al, 1992). 
Given the complexity of conducting studies in care homes compared to a controlled 
laboratory environment and the added difficulty of a participant demographic with limited 
communication and cognitive abilities, it is understandable that these earlier studies 
looked at basic observational measurements and recruited small numbers of individuals. 
Until the development of reliable ambulatory methods to measure rest-activity rhythms 
and to infer information about sleep quality, a number of studies used a paradigm of data 
collection in the laboratory in combination with self administered light intervention at 
home (Campbell et al, 1993; Murphy and Campbell, 1996) (section 1.6.3.1).
PSG and CBT measurements are not feasible in dementia patients that live in care homes 
and thus a suitable alternative was required. In one care home study, serum melatonin 
levels were measured before and after a 4 week light intervention of 3000 - 5000 lux in
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dementia patients and age-matched controls (Mishima et al, 1994). Although the authors 
reported a decrease in the amplitude of the sleep-wake rhythm and reduced levels of 
melatonin in dementia patients; measuring plasma melatonin in dementia patients is not 
very practical and not frequently reported in studies of this sort. Melatonin measured from 
saliva may be a more practical solution in this population.
In addition to measuring improved behaviour in response to light intervention, the study 
by (Satlin et al, 1992) also demonstrated the use of an early activity monitor that was 
placed into a vest pocket, positioned next to participants’ waist and worn over clothing. 
Although data collection was only for two days, it was enough to measure differences in 
relative rest-activity amplitude in seven out of ten participants in response to light for one 
week. Later field studies have predominantly relied upon data obtained from smaller, 
more advanced activity monitors and the results will be discussed in the following 
sections.
1.6.3.2.1 Rest-activity rhythms: studies using light boxes
Light intervention used in studies looking at the effects of light on rest-activity rhythms in 
care home residents, have taken two forms, either using bright light boxes (Table 1.2) or a 
form of overhead lighting (section 1.6.3.2.2). In the past, the easiest method of 
administering bright light in a controlled manner to elderly care home residents was by 
asking them to sit in front of a light box (Satlin et al, 1992; Mishima et al, 1994; Lovell 
et al, 1995; Lyketsos et al, 1999; Ancoli-lsrael et al, 2002; Ancoli-lsrael et al, 2003a; 
Fetveit et al, 2003; Fetveit and Bjorvatn 2004; Skjerve et al, 2004; Dowling et al, 
2005a; Dowling et al, 2005b; Fetveit and Bjorvatn 2005; Ouslander et al, 2006; 
Dowling et al, 2008). The details of these studies are summarised in Table 1.2.
Light boxes were originally designed to treat people suffering with SAD (Rosenthal et al, 
1984; Partonen and Lonnqvist, 1998), but their application in field studies is popular, due 
to their relatively small size and ease in which they can transported and set up 
temporarily.
One study reported using an alternative to light box, or overhead light installations, where 
light visors were worn for ten days by five elderly community dwelling participants that 
had Alzheimer’s disease (Colenda et al, 1997). Although no overall significant findings
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were reported from parametrically analysed activity data in the original publication, a 
later publication (Van Someren et al, 1999) which analysed the same data using a non- 
parametric circadian rhythm analysis found a significant improvement in the stability of 
the rest-activity rhythm (section 2.9.62).
In terms of the study demographics, in all but one study (Dowling et al, 2005b), the 
reported population age range was 60 - 103 years. The gender differences were as 
expected for this age range, emphasised by the small number of studies in which the 
genders were balanced (Murphy and Campbell, 1996) or more males than females 
recruited (Satlin et al, 1992). In terms of cognitive ability there has been a range of 
participants recruited in the different studies. The majority of studies using light box 
interventions, however, have recruited participants with vascular dementia or Alzheimer’s 
Disease (Colenda et al, 1997; Lyketsos et al, 1999; Ancoli-lsrael et al, 2003a; Dowling 
et al, 2005b; Dowling et al, 2008) or residents with Mini Mental State Exam (MMSE) 
scores that fall within the categories of moderate dementia (score of 11 -  20) (Ancoli- 
lsrael et al, 2002; Fetveit et al, 2003) or severe dementia (score of 0 -  10) ( S a t l i n al, 
1992; Lovell et al, 1995; Skjerve et al, 2004). To our knowledge no studies to date have 
investigated the effect of light intervention on mild or non demented elderly care home 
residents.
Previous studies have reported a range of lux intensities, duration and timing of light 
(Table 1.2). Eight studies used light levels from 1467 - 2500 lux, and eight used light 
ranging from 2500 - 10,000 lux. The distance at which lux levels were recorded, however, 
and the position the participants sat, also varied making comparisons between studies 
difficult. Although light readings were recorded regularly during each light condition in 
some studies (Lovell et al, 1995; Ancoli-lsrael et al, 2003a; Dowling et al, 2005b; 
Ouslander et al, 2006; Dowling et al, 2008), in others it states that they were measured 
or checked with a light meter with no further details (Colenda et al, 1997; Fetveit et al, 
2003). In a surprising number of studies no details of checking the light levels were given 
(Satlin et al, 1992; Campbell et al, 1993; Mishima et al, 1994; Murphy and Campbell 
1996; Lyketsos et al, 1999; Ancoli-lsrael et al, 2002; Skjerve et al, 2004). Although 
light readings were measured regularly in some studies, they lack any details of how long 
individuals were exposed to the light intervention.
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Some groups reported that staff watehed the partieipants to ensure that they stayed awake 
(Skjerve et al, 2004) whereas others estimated the length of light exposure from 
observations (Ouslander et al, 2006). Surprisingly none of these light intervention studies 
using light boxes have reported light levels estimated from ambulatory data loggers as 
was deseribed by Shoehat et al (2000).
In total, six previous studies have reported using an evening light intervention and 13 a 
morning light intervention. Some studies have eompared both morning (09:30 -  11:30 h) 
and evening (17:30 -  19:30 h) light (Aneoli-Israel et al, 2002; Aneoli-Israel et al, 
2003a), while another study compared morning (09:30 -  10:30 h) with late afternoon 
(15:30 -  16:30 h) light (Dowling et al, 2005b). Evening light, if late enough, may be 
expected to cause a phase delay in the rest-aetivity rhythms as was reported for CBT 
rhythms in laboratory based studies in older people by Campbell et al (1993) and 
Murphy and Campbell (1996). In the care home studies that have used light boxes, 
however, no studies have found a significant delay in the activity acrophase in response to 
evening bright light. In the Dowling et al study (2005b) partieipants in the control 
condition delayed significantly by 2 hours, eompared to no significant shift in response to 
morning or afternoon light. The authors described this as a more stable acrophase as a 
consequence of the light intervention and as the afternoon light started at 15:30 h it would 
not be expected to induce a phase shift of rest-aetivity rhythms. The only study to report a 
significant phase advance in the activity acrophase in response to morning light (08:00 -  
10:00 h) was in a study by Skjerve et al (2004). The reason that an advance was found in 
this study could be related to the high light intensity used (5000 -  8000 lux), the long 
intervention period of four weeks, the six weeks of rest-aetivity data collected (one week 
at BE, four weeks during light intervention and one week follow up) and the early timing 
of the morning light (45 minutes between 08:00 -  10:00 h).
One problem of administering light at set times of the day from a fixed position such as a 
light box is that it may drastically alter the usual routines of the individual receiving the 
light. This in itself may alter the acrophase of activity without the influence of light and it 
is possible that this happened in the study by Aneoli-Israel et al (2002). In this study 
partieipants that received light in the morning had an activity acrophase that was 1 h 46 
minutes more delayed during the second week of light intervention eompared to BE. As 
morning bright light should have phase advanced the rest-aetivity rhythm, this was
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completely unexpected. If there had been a dim morning light control, then this might 
have helped to clarify the results.
Although there are limitations to interpreting activity data, the increased mesor in 
response to light intervention measured in the Aneoli-Israel et al. study (2002) seems 
unlikely to have been affected by unusual routines caused by the light intervention. This 
is further supported by similar findings reported after a morning light intervention in the 
Dowling et al. study (2008). In this study, the parametric (eosinor) and non-parametric 
circadian rhythm analysis (NPCRA) amplitude were increased as was MIO (average 
activity in the most active 10 hours). In this study however participants also received 
melatonin (given between 17:00 and 18:00 h) in addition to the light intervention, thus it 
was not possible to discriminate between the effects of light and the effects of melatonin.
Other significant improvements reported in studies using light boxes in care home 
residents include: increased sleep efficiency (using aetiwatehes and staff reported sleep 
logs), reduced sleep onset latency after up to 4 and 12 weeks after light, (Fetveit and 
Bjorvatn 2004); longer duration nighttime sleep bouts and improved activity rhythms 
(Aneoli-Israel et al, 2003a); reduced daytime naps and sleep duration (Fetveit and 
Bjorvatn 2005; Ouslander et al, 2006); improved day/night sleep ratio (Dowling et al, 
2008); and improved IS (interdaily stability, a measure of the variability of the rhythm 
between days) in care home residents with aberrant (defined as between 03:01 h to 19:59 
h) L5 onset (time of the least active 5 hours) and improved IS and RA (relative amplitude, 
difference between the MIO and L5 divided by the sum of MIO and L5) in residents with 
aberrant (defined as between 12:01 h midday and 05:59 h) MIO onset (time of the most 
active 10 hours). The improvements in the rest-aetivity rhythm are often reported only in 
subsets of individuals that have responded positively (Dowling et al, 2005a; Ouslander et 
al, 2006). Inter-individual differences in response could be to due to the heterogeneity of 
the individuals recruited in the larger studies, where there was, amongst other things, a 
range of cognitive ability and age.
The major limitations of using light boxes include the limited time spent in bright light 
and deciding the timing of exposure; issues with compliance when participants are not 
monitored; issues of a placebo effect if partieipants are monitored by a member of staff 
and administering the light from a fixed position at set times of the day that may 
confound the rest-aetivity rhythm. Although the alternative method of installing new
53
overhead lights is more expensive and time consuming, it interferes less with the normal 
routines of care home residents and allows the measurement of rest-aetivity rhythms of 
individuals to be made without being affected by the study paradigm.
1.6.3.2.2 Rest-aetivity rhythms: studies using overhead lighting
In recent years, light intervention studies in care homes have progressed from the use of 
light boxes and have instead focussed upon improving the current light environment or 
installing new brighter artificial lights. Details of these studies are presented in (Table 
1.3).
As expected the age range of partieipants in most of these studies is from 60 up to 97 
years and predominantly more females than males have been recruited. In particular this 
was emphasised in the study by Riemersma-van der Lek et al. (2008) where only 19 of 
189 recruited partieipants were male. In all of the studies except one (Mishima et al, 
2001), the study partieipants were diagnosed with various forms of dementia, including 
Alzheimer’s disease, multi infarct dementia, dementia associated with alcoholism, Lewy 
body dementia and mixed Alzheimer’s disease and vascular dementia (Van Someren et 
al, 1997; Van Hoof et al, 2008; Van Hoof et al, 2009) or the study partieipants were 
reported to have moderate MMSE scores (Riemersma-van der Lek et al, 2008), or a 
mixture of cognitive abilities (Sloane et al, 2007). In the Mishima et al study (2001) the 
participants were either insonmiaes or healthy age-matehed controls with MMSE scores 
all above a cut-off value of 20, indicating mild dementia.
In all of the studies using overhead lights the light levels were reported and cheeked and 
most measurements were vertical lux readings (in the direction of gaze, measured at eye 
level). The lux levels used ranged from 119 (Van Hoof et al, 2009) to 2500 lux (Mishima 
et al, 2001; Sloane et al, 2007) and the most common method for checking the light 
intensities was by taking regular measurements near the positions that the partieipants sat 
in the communal rooms, or from set positions with a hand held lux meter or powermeter.
Light levels were recorded at eye level (height) in some studies (Van Someren et al, 
1997; Mishima et al, 2001; Riemersma-van der Lek et al, 2008; Van Hoof et al, 2008; 
Van Hoof et al, 2009), from table height in one (Van Hoof et al, 2008), from 1.2 metres 
in another (Van Hoof et al, 2009) and four feet from the floor in the Sloane et al study
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(2007). Only two studies measured light readings horizontally facing the light source 
(Van Someren et al, 1997; Sloane et al, 2007). The Mishima et al study (2001) was the 
only one to report light levels using an ambulatory lux meter that recorded and logged lux 
levels continuously using head worn devices for each participant.
Generally the duration for which the lights were on in each study covered the time that 
the partieipants spent in the communal rooms. In the Mishima et al study (2001) the 
timing of the light was divided to coincide with when the rooms were used, from 10:00 -  
12:00 h and then again from 14:00 -  16:00 h. In the study by Sloane et al (2007), in 
addition to using an all day light intervention (07:00 -  20:00 h) the authors reported using 
a morning only light intervention (07:00 -  11:00 h) and an evening only light intervention 
(16:00 -  20:00 h). The different light conditions were three weeks long in this study and 
were temporally balanced to account for carry over effects and effects of season. As this 
study was conducted at all times of the year it is likely that seasonal differences in natural 
photoperiod would have increased or decreased the light levels that partieipants were 
exposed to. However, as part of this intervention, the communal rooms were redesigned 
over several months and did not focus solely on increasing artificial light levels (Sloane et 
al, 2005). Although this study was not well controlled, the redesigned communal rooms 
would have benefitted the care home residents long after the study had ended.
In some of the studies light intervention periods lasted three weeks (Sloane et al, 2007; 
Van Hoof et al, 2008), or four weeks (Van Someren et al, 1997; Mishima et al, 2001) 
and in other studies no specific details were given about the duration of the light 
intervention (Van Hoof et al, 2009). The longest trial to date was conducted by 
Riemersma-van der Lek et al (2008) in which partieipants were exposed to the light 
intervention (1000 lux vertical) for up to 3.5 years. Although at this point only two 
partieipants remained in the treatment group that received light and four that received 
light plus melatonin, the participant numbers after 1.5 years were relatively high (23 in 
the light group and 22 in the light plus melatonin group) and this far exceeded the study 
duration of all other studies conducted in care homes.
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Although the duration, intensity and timing of the light intervention had been considered 
in previous work, it is only recently that the knowledge gained from laboratory based 
experiments on the spectral sensitivity of NIF responses have been applied and tested in 
the design of lights for care home communal rooms. In the first study (Van Hoof et al,
2008) participants were exposed to three weeks of a polychromatic low correlated colour 
temperature (CCT) light source (yellow, 2700 K) and a high CCT (blueish, 6500 K) light 
source. The results of this study showed an increase in the mean tympanic temperature 
range, or amplitude, following the blueish light eompared to the BL condition, which was 
not significantly different to the yellow light condition. There were also reported 
improvements on two parameters of disturbances on a behaviour scale, during the light 
intervention, however these improvements were also observed in the control light group 
eompared to BL in one out of three parameters. The lux levels of the two colour 
temperature lights were identical when measured which suggests a causal link between 
the improvements in tympanic temperature range and spectral content, not the intensity of 
the blueish light source.
In a later study by the same group (Van Hoof et al, 2009), the effects of a high colour 
temperature, blue-enriehed (short wavelength) polychromatic light (17000 K) was 
compared to a low colour temperature (2700 K) polychromatic light in elderly care home 
residents. In this cluster unit cross-over intervention study, however, no significant 
improvements were observed in the 17000 K light condition for tympanic temperature 
parameters or for observed behaviour. In fact for one of the groups that were assigned to 
different rooms in the care home, there was a significant deterioration in the scores for 
depressive/sad behaviour and anxious behaviour during the 17000 K light condition. 
There were also significant increases in disturbed consciousness ratings during the 17000 
K light condition in one group compared to another, although within group differences for 
this condition did not reach statistical signifieanee. The authors suggested that the 
participants with dementia in the study did not have the communicative ability to 
complain about the 17000 K lights directly and that a dementia-related altered sensitivity 
to the internal environmental conditions may have been expressed through their negative 
behaviour demonstrated during the 17000 K condition. The behavioural results of this 
study are in contrast to those reported by Sloane et al (2005) in which no significant 
differences were found in an eye strain scale with 11 parameters during an light 
intervention of 6500 K eompared to a control light condition. There are, however, clear
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differences between the light intervention in these two studies. In the Sloane et al (2005) 
study, not only was the colour temperature of the lights lower than that of the Van Hoof et 
al study (2009), but also the communal rooms had been completely redeveloped to 
minimise glare from the surfaces and to increase natural light levels throughout the 
rooms. The light intervention in the Van Hoof et al study (2009) was centred above 
tables within the middle of the rooms and the lux levels decreased by 200 - 400 lux the 
further away a lux reading was measured. It is possible that the uneven distribution of the 
light in the study rooms and increased contrast between darker and brighter areas made 
the light environment more uncomfortable for the study partieipants.
Another important finding of the Van Hoof et al study (2009) was the fact that the 
measured CCT of the 17000 K light in the care home was generally much lower and 
peaked during the central part of the day ranging from 7400 K - 8400 K. The authors 
suggested that natural daylight, the filtering of the light through the luminaires and the 
room temperature may have reduced the CCT. Although daylight should serve to increase 
the CCT there may have been an interaction effect of the light with the furniture and 
interior of the building. Whatever the cause, future studies should consider monitoring the 
CCT especially when implementing a high CCT light condition and try to minimise any 
reduction.
Effects of increased all day overhead lighting have been reported on the rest-aetivity 
rhythms of care home residents. These included a decrease in the NPCRA parameter of 
intradaily variability (IV) and an increase in IS (Van Someren et al, 1997) after light 
intervention (4000 K, 1136 lux, horizontal) eompared to BL. The findings of a 
strengthened activity rhythm and a less fragmented rhythm, however, were not 
reproduced in a more recent study (Sloane et al, 2007). Although the IS and IV were not 
significantly improved after three weeks of light intervention (6500 K, 2500 lux, 
horizontal), the acrophase of the rest-aetivity rhythm was significantly more advanced 
after a morning light intervention. Greater improvements were also observed in the 
Alzheimer’s disease participants in the Van Someren et al study (1997) where an 
increase in RA in response to the light intervention was significantly associated with a 
diagnosis of Alzheimer’s disease. Wrist aetigraphy was also used by Sloane et al (2007) 
to measure hours of nighttime sleep and the number of sleep bouts. The findings revealed 
that the partieipants with severe and very severe dementia had the greatest increase in 
nighttime sleep after morning or all day light. Aetigraphieally measured sleep parameters
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were also reported by Riemersma-van der Lek et al. (2008) where combined light and 
melatonin increased sleep efficiency by 3.5% and ameliorated nocturnal restlessness by 1 
minute per hour each year. The combination treatment group also showed a significant 
attenuation of aggressive behaviour by 3.9 points (9%) on the Cohen-Mansfield Agitation 
Index.
Other effects of an all day light intervention included an increased amplitude of the 
melatonin rhythm measured in elderly insomniacs (Mishima et al, 2001), an amelioration 
of depressive symptoms and an attenuated deterioration of MMSE scores in care home 
residents with moderate levels of dementia (Riemersma-van der Lek et al, 2008).
1.6.3.2.3 Dementia
Early studies using light treatment to improve sleep effieieney and wakefulness, recruited 
subjects from care homes without considering the varying levels and type of dementia. 
The importance of a homogenous group has subsequently been addressed in more recent 
studies (Aneoli-Israel et al, 2003a; Dowling et al, 2005b), although comparisons of 
results between studies are difficult as some have looked at severe to very severe 
dementia sufferers and others have investigated mild to moderate dementia sufferers. This 
is further complicated when results are analysed in different ways by different groups.
Presently there appears to be conflicting evidence for the appropriate timing of bright 
light therapy in the residential care home population. This is further complicated where 
some groups have found significant differences in the response to morning bright light in 
subjects with severe dementia or Alzheimer’s disease eompared to those with mild 
dementia or other forms of dementia (Van Someren et al, 1997; Sloane et al, 2007). In 
studies that have specifically compared evening and morning bright light interventions in 
Alzheimer’s disease sufferers, a more stable rest-aetivity rhythm acrophase and more 
consolidated sleep were reported in both light intervention groups compared to subjects 
receiving control light (Aneoli-Israel et al, 2003a; Dowling et al, 2005b). By contrast 
another study found a significant increase in nighttime sleep with morning and all day 
bright light intervention but not with evening bright light exposure alone (Sloane et al, 
2007). However, there was a wide range in the severity of dementia in this study and no 
details were recorded about the type of dementia.
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Additionally nursing staff have often recorded subjective ratings of mood and behaviour 
because the level of dementia in the individuals studied made reliable communication 
difficult (Van Hoof et ah, 2008; Van Hoof et ah, 2009). If the staff were aware of the 
possible outcomes of the light treatment then that could influence the participants’ ratings 
scores.
1.6.3.2.4 Compliance - 1ight boxes and overhead lighting compared 
Early studies using bright light boxes suffer with three major problems, (1) maintaining 
compliance with a group of individuals that often experience behavioural disorders 
including increased daytime napping and wandering (Aneoli-Israel et al, 2002; Dowling 
et al, 2005b), (2) if compliance is ensured by increased attention from staff, then that in 
itself could have an effect. Additionally this protocol puts extra demands on the staff and 
compromises in the study design may need to be met. This problem was shown in the 
Dowling et al. (2005b) study, where restrictions of staff availability meant that light 
exposure using light boxes was not carried out on weekends (3) measuring rest-aetivity 
rhythms in individuals that are asked to remain still in one postural position for 2 hours at 
specific times of the day may lead to skewed data. This restriction may affect 
measurements of acrophase more than any other parameter as this is the time of peak 
activity and could explain the phase delay of activity observed in the partieipants that 
received morning light in the Aneoli-Israel et al study (2002).
In using an overhead bright light intervention over an entire day instead of bright light 
boxes for a short set interval, the chances of a placebo non-light effect are reduced. Less 
attention is drawn to the lights and staff are not required to give the residents extra 
attention in order to assure compliance. Studies using overhead lights have been reported 
to be just as effective as using bright light boxes (Van Someren et al, 1997; Sloane et al, 
2007; Riemersma-van der Lek et al, 2008), however, there are some limitations to this 
form of light intervention. Although the intensity of light provided by the overhead lights 
(1000 -  2500 lux) was high it was not as bright as the studies using bright light boxes 
(2500 -  10000 lux). Implementing an overhead light design with lux levels as high as 
those achieved using light boxes would be very challenging and probably a lot more 
expensive. In using overhead lights it also becomes very difficult to quantify the actual 
time that the study participants spend in the rooms with the lights. To accommodate this
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issue some studies have reported estimates of the time that partieipants spent in the light 
from observations (Sloane et al, 2007) or used a head mounted lux meter (Mishima et al, 
2001).
1.6.3.2.5 Light condition duration and activity data sample length 
One of the major limitations of some of the light intervention studies has been the 
duration of the light exposure and in some cases the length of the data series eollected. 
Some of the studies have eollected a very short rest-aetivity data series during the light 
intervention period. These include Satlin et al (1992) with two days of aetigraphy data, 
Dowling et al (2005a) with five days of activity data, Dowling et al (2005b) with four 
days of data collected and Dowling et al. (2008) with four days of data collection. A 
study by Van Someren (2007) showed that the estimates for the NPCRA parameter of IV 
required a minimum of 7 days of data for a reliable value to be estimated. The author also 
suggested a period of two weeks of data collection as optimum as the data from the study 
indicated that the dementia patients could have good weeks and bad weeks not just 
variability between days. Although some studies used light for longer periods, aetigraphy 
data collection was often only conducted in the final week of the light intervention which 
may not have picked up the subtle variations or trends in the data set (Fetveit et al, 2003; 
Fetveit and Bjorvatn, 2004, 2005).
There is a considerable range in the number of partieipants recruited in each of the light 
intervention studies with most studies being conducted in just one or two group care 
facilities. With this type of study investigating elderly people it is important to recruit 
high numbers because of the expected higher drop out rate due to a possible deterioration 
in health and death. The duration of the study will also play an important role when 
considering participant numbers. Longer studies involving longer intervention periods 
may see more positive results, however, the numbers of partieipants required for longer 
studies is huge in comparison (Riemersma-van der Lek et al, 2008). This may make 
recruiting large numbers more difficult especially when considering other exclusion 
criteria such as residents who are bed bound and therefore unable to be exposed to any 
form of light intervention.
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1.6.3.2.6 Light intervention design and washout periods
Some studies that have investigated more than one type of light intervention, have opted 
for a randomized control trial design Avhere partieipants were randomly assigned to a 
group that received just one form of light intervention (Aneoli-Israel et al, 2002; Aneoli- 
Israel et al, 2003a; Riemersma-van der Lek et al, 2008; Van Hoof et al, 2008). In the 
Aneoli-Israel et al studies (2002, 2003a) comparisons were then drawn between the 
results obtained at BL eompared to the treatment conditions and comparisons between 
treatments drawn from the differences observed between BL and the light intervention 
conditions or control conditions. Although the authors provided evidence that there was 
equal variance of study participants within the groups, there is still the possibility that 
group differences may affect the results. Other studies (Lyketsos et al, 1999; Sloane et 
al, 2007) have chosen a randomised crossover design in which all partieipants received 
all light interventions and control conditions and group differences do not affect the 
overall outcome measures. In these studies the light intervention conditions were 
separated by periods of normal lighting to reduce the possibility of any carryover effect. 
In the Lyketsos et al study (1999) the washout period, or second BL was a single week 
long, which may have been too short a period for the effects of a four week light 
intervention condition to dissipate. In a study by Fetveit and Bjorvatn (2004) the effects 
of a 6000 -  8000 lux intervention on sleep onset latency were reported to last up to 12 
weeks post light intervention, which is some justification for long washout periods 
between light conditions in studies using a cross-over design.
1.7 Study Rationale
Sleep problems are more frequently reported among older individuals, although in many 
eases they may be associated with physiological and psychiatric health, there also appears 
to be an age dependent alteration of the circadian and homeostatic processes that control 
sleep. The circadian system is primarily entrained to the 24 h day by the daily exposure to 
the light/dark cycle. In humans the circadian system is photosensitive to short wavelength 
(blue) light (Brainard et al, 2001; Thapan et al, 2001) detected by ipRGCs in the eye. 
Laboratory studies have shown an age-related change in the phase relationship between 
the sleep/wake cycle and endogenous phase, as well as a reduction in the NIF responses 
to short wavelength blue light (Duffy et al, 1998; Duffy et al, 2002; Herljevie et al,
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2005; Sletten et al, 2009). It is postulated that age-related changes in the eye attenuate 
the light signal reaching the SCN contributing to a weakened circadian signal. The altered 
phase angle between the endogenous clock and habitual wake up time is believed to be 
caused by a reduced circadian drive for sleep leading to earlier wake up times in older 
individuals (Dijk et al, 1999). It therefore seems possible that increasing the light levels 
that older individuals are exposed to will strengthen the circadian signal and positively 
impact upon sleep and rest-aetivity rhythms.
Light treatment has been used to alleviate sleep and rest-aetivity rhythm disturbances in 
care home residents in a number of previous studies (Satlin et al, 1992; Van Someren et 
al, 1997; Aneoli-Israel et al, 2002; Sloane et al, 2007; Dowling et al, 2008; Van Hoof 
et al, 2009). The majority of these studies have, however, investigated the effect of 
increased light exposure in Alzheimer’s patients or care home residents with dementia. 
To date no previous published studies have investigated the effect of light on mild or non­
demented elderly care home residents. Consequently it was decided that non-demented 
care home residents would be recruited in the current study
Previous studies have focussed on aetigraphieally measured parameters of sleep and rest- 
aetivity rhythms (Aneoli-Israel et al, 2002; Skjerve et al, 2004; Dowling et al, 2008), as 
well as subjective scales and tests (Satlin et al, 1992; Lovell et al, 1995; Yamadera et 
al, 2000), without obtaining a complete record of individual participant light exposure. In 
the majority of studies bright light has been administered using light boxes at set times of 
the day without control of light exposure at other times of the day. For a more accurate 
estimation of the effect of light intervention, measurement of ambient light levels and 
individual light exposure should be included.
A major issue with the use of light boxes is the need for partieipants to remain seated 
throughout the light treatment period each day. This can disrupt the habitual routines of 
the care home residents and at the same time affect measurements of rest-aetivity 
rhythms. Use of light boxes requires additional supervision to ensure compliance, and this 
in itself may introduce a confounding effect due to the increased attention. More recent 
studies have used overhead lighting and increased the ambient light level within 
communal care home rooms without restricting the routines of the partieipants or 
increasing their supervision (Van Someren et al, 1997; Mishima et al, 2001; Sloane et 
al, 2007; Riemersma-van der Lek et al, 2008; Van Hoof et al, 2008; Van Hoof et al.
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2009). For these reasons it was decided that an overhead form of light intervention would 
be the most appropriate for the current study.
Although Van Hoof et al. (2009) examined the effect of a blue-enriehed high CCT light 
(17000 K) on tympanic temperature, no previous study has measured rest-aetivity 
rhythms in care home residents exposed to a blue-enriehed polychromatic white light. As 
the circadian system is most sensitive to short wavelength blue light and deteriorated 
optical health in older individuals often reduces the transmission of short wavelength blue 
light (Smith and Pokomy, 1975; Dillon and Atherton, 1990) it was decided that blue- 
emiehed (17000 K) polychromatic lights would be the most appropriate to utilise in the 
current study.
To address these issues the current study utilised overhead lighting in communal areas 
using 17000 K blue-enriehed lights and 4000 K control lights with continuous recording 
of ambient light levels and individual light exposure throughout the study period.
1.8 Study aims and hypotheses
The aims of the current study were to investigate the effect of all day light 
supplementation installed in care home communal rooms on the lighting levels, on the 
individual light exposure and aetigraphieally measured rest-aetivity rhythms in care home 
residents. In a randomised crossover design two experimental overhead light conditions, 
polychromatic blue-enriehed white light (17000 K, 1000 lux vertical) and control white 
light (4000 K, 200 lux vertical), were compared to the care homes original lighting. The 
12 week study was conducted in the months of the year with the shortest natural 
photoperiod to minimise the impact of natural light. Lux levels within each communal 
study room were continually monitored to assess light levels and to draw comparisons 
between daytime (including natural light) and evening (artificial only) light. As this was a 
field trial and participants were free to continue their normal routines, individual 
estimates of light exposure and time spent under the experimental lights were measured 
using both wrist worn aetiwatehes and weekly observational data.
The method of light supplementation and data collection were designed to minimise its 
impact on the normal day to day activities of the care home residents and limit any 
indirect affect on the outcome variables. This was achieved by collecting data at times
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that best suited the residents on the same two days eaeh week throughout the study. 
Different levels of participation in the study were introduced to allow individuals with 
varying levels of ability to take part and to minimise the dropout rate across the 12 week 
study period.
Specific aims and hypotheses are discussed in detail in the relevant chapter. The general 
aims and hypotheses tested were:
1) In the communal rooms with experimental lights, lux levels recorded at night (in 
the absence of natural light) and during the daytime will be increased during the 
experimental (artificial) light conditions compared to the original light 
environment (during the BL and WO light conditions), (chapter 3)
2) In the communal rooms with experimental lights, lux levels recorded at night (in 
the absence of natural light) and during the daytime will be increased during the 
17000 K light condition compared to the 4000 K light condition, (chapter 3)
3) Participants will spend more time per day in bright light (> 500 lux) and median 
lux readings across the day (07:00 - 23:00 h) will be higher during the 17000 K 
light condition eompared to all other light conditions, (chapter 4)
4) Parametric and non-parametric circadian rhythm parameters (of rest-aetivity) will 
improve significantly during the 17000 K light condition eompared to all other 
light conditions, (chapter 5)
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CHAPTER TWO 
METHODOLOGY
2 Methodology
2.1 Study design
Seven eare homes in south east England were studied in total (CHI-2 September - 
December 2008, CH4 January - April 2009, CH5-6 September - December 2009 and 
CH7-8 January - April 2010). Eaeh care home was studied over a period of 12 weeks, 
during the winter months (September - December and January - April) in a randomised 
crossover design. The details of the study design in eaeh care home will be discussed in 
the following sections.
2.1.1 CHI-2 light conditions
The study was conducted in two residential homes simultaneously. This began with two 
baseline weeks followed by four weeks of one of two different experimental light 
conditions; a control white light (4000 K) or a blue-emiehed white light (17000 K) 
condition (section 2.4.1). This light condition was followed by a three week washout 
period and a second, four week light condition, either control white light or a blue- 
enriehed white light.
In CHI (Figure 2.1), partieipants underwent four consecutive phases: one week of 
baseline without the experimental lighting and light frames, one week of baseline under 
the control white light, four weeks of control white light followed by three weeks of 
washout (washout lighting was the original eare home lighting) finishing with four weeks 
of blue-enriched white light.
In CH2 (Figure 2.1), partieipants underwent four consecutive phases: one week of 
baseline without the experimental lighting and light frames, one week of baseline under 
the control white light, four weeks of blue-emiehed white light followed by three weeks 
of washout (washout lighting was the original eare home lighting) finishing with four 
weeks of control white light.
In both care homes baseline data were eollected prior to the installation of the 
experimental lights and light frames and after one week of the installation being in place 
to see if the presence of researchers and equipment had caused any significant disruption.
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The control white light was set at 200 lux in the angle of gaze at a height of 1.6 metres 
which was thought to be the same intensity lighting as that provided by the original care 
home lighting in both care homes. The intention was to simulate the lighting currently 
being used by the care home, using it as a control condition and during the washout 
period.
Weeks
CHI BL BL 1 2 3 4 5 6 7 8 9 10 11
Weeks
CM2 BL BL 1 2 3 4 5 6 7 8 9 10 11
Blue-enriched white light 
(-1 0 0 0  lux, 17000 K)
Control white light 
(-2 0 0  lux, 4000 K)
Baseline with care home 
lights and no frames (-6 0  lux)
Figure 2.1: Light administration protocol CHI-2.
/
Washout period
(Care home lighting -6 0  lux)
Unfortunately the original lighting in the care homes was more uneven and of lower 
intensity than the control white light condition. With fitments on the walls and lamps used 
in the corners of some rooms, it meant that these rooms had a large variation in lux levels 
(chapter 3). Therefore it was apparent that the control white lighting was not the same as 
the original care home lighting and thus could not be used during the washout period and 
would have to be treated as a separate light condition. The consequences of the difference 
between the control white lights and the care homes’ original lights meant that for the rest 
of the care homes (CH4-8) no experimental light was used during the baseline condition.
2.1.2 CH4-8 light conditions
In CH4-8 the same randomised crossover design was used for the light conditions with 
two care homes being studied concurrently. All experimental light levels were set the 
same as for CHI-2 and the number of weeks for each condition remained the same. The
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only difference being that the baseline lighting was the care homes’ original lights for 
both weeks (Figure 2.2).
In CH4-6, the frames and experimental lights were installed during the second baseline 
week but not switched on. In CH7-8, however, due to adverse weather conditions 
delaying the start of the study, frames and lights were installed during the first baseline 
week.
Weeks
Home 1 BL BL 1 2 3 4 5 6 7 8 9 10 11
Weeks
Home 2 BL BL 1 2 3 4 5 6 7 8 9 10 11
Blue-enriched white light 
(-1 0 0 0  lux, 17000 K)
Control white light 
(-2 0 0  lux, 4000 K)
Baseline with care home 
lights (-6 0  lux)
Washout period
(Care home lighting -6 0  lux)
Figure 2.2: Revised light administration protocol CH4-8.
2.2 Experimental procedure and levels of assessment
The University of Surrey gave a favourable ethical opinion for the protocol of this study 
outlined in the following sections (Appendix A).
As many residents as possible who were willing, plus the care home manager and 
selected staff members, were recruited from each care home according to the inclusion 
and exclusion criteria (sections 2.6.1 and 2.6.2).
Participating residents were studied at different levels depending upon their ability and 
willingness to participate. As a result, the following assessments were carried out (Table 
2 .1):
• Level 1 - Observations and assessments of mental state, sleepiness, mood, 
alertness and depression, all subjects.
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• Level 2 - level 1 + aetigraphy.
• Level 3 - level 2 + sleep and nap diaries, visual Psychomotor Vigilance Task 
(PVT), and saliva samples.
This graded participation was designed to involve as many residents as possible in the 
study. It also provided some flexibility if, for example after starting the study they no 
longer wished to complete all of the tasks, they could be dropped down a level in 
participation. It was also hoped this would reduce the overall dropout rate.
Table 2.1: Light periods and the measured parameters over the pre-and study period
Pre study period Baseline Light period 1 W ash out period Light period 2 
r------^ ^ ------    '----  ------^
Week -4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12
Familiarisation y y y
Letters and 
briefing y
Poster
Official
presentations y
Question
session y
TESS - NH/RC y
Consent forms y y
General
demographic
questionnaire y y
Observations y y y y y y y y y y y y y
Alertness
questions y y y y y y y y y y y y y
Light
acceptability
questions y y y y y
KSS y y y y y y y y y y y y y
MMSE y y y y y
GDS y y y y y
AWL'S y y y y y y y y y y y y y
Sleep diary y y y y y y y y y y y y y
Nap diary y y y y y y y y y y y y y
HAD y y y y y y y y y y y y y
Saliva samples y y y y y
Visual PVT y y y y y y y y y y y y y
PSQI y y y y y
HOBO y y y y y y y y y y y y y
Staff questions y y y y
Level 1
Level 2
Level 3
TESS -  NH/RC: therapeutic environment screening scale for nursing homes/residential care, KSS: 
Karolinska sleepiness scale, MMSE: mini mental state exam, GDS: geriatric depression scale, AWLs: 
actiwatch light monitors, HAD: hospital anxiety and depression scale. Visual PVT: visual psychomotor 
vigilance task, PSQI: Pittsburgh sleep quality index.
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2.2.1 Level 1
2.2.1.1 Observations
The observations provided an approximation of the time partieipants spent in the 
communal rooms under the lights and gave a general overview of the time spent napping 
or socially interacting during the course of the study. They also served as a point to record 
if any partieipants were ill that day or out on a day trip, so that missing data could be 
explained (Appendix B). Observations included what people were doing, such as reading, 
sleeping, talking, watching television and where they were when they were observed.
2.2,1,2 Karolinska Sleepiness Scale (KSS) mood and alertness
The Karolinska Sleepiness Seale (KSS) (Appendix C) (Akerstedt and Gillberg, 1990) 
measured subjective sleepiness in the previous ten minutes and was the first question 
asked. In this nine point scale, five of the points (odd numbers) were defined.
The four mood and alertness questions (Appendix D) were in the form of a nine point 
scale (1 -  9) to rate the partieipants level of mood and alertness at that moment in time 
(Revell et al, 2006; Sletten et al, 2009). The scales rated if a participant was more 
alert/sleepy, cheerful/miserable, ealm/tense and depressed/elated.
The weekly alertness questions (Appendix E) (provided by Phillips Lighting, the 
Netherlands) were in the form of a seven point scale to rate the participants level of 
alertness over the past week and was defined at a score of one, four and seven.
All sets of questions were adapted for the elderly partieipants by printing them out in very 
large print on a card that was shown to eaeh participant as they were being asked by the 
researchers. Using a visual aid made it easier for the researchers when asking these 
questions, designed to measure subjective mood and alertness.
2.2.1.3 Mini Mental State Exam (MMSE)
The mental state of all participants was assessed using the Mini Mental State Exam 
(Folstein et al, 1975) (Appendix F). This is a brief 30-point questionnaire test that is 
commonly used in medicine to screen for dementia. It has also been used widely in 
previous light treatment studies that have looked specifically at care home residents with
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dementia and has been used to estimate the level of cognitive impairment over a given 
period of time. This made it a suitable choice to measure the cognitive ability of 
participants during the course of this study.
For classification purposes, the following range of scores was used: normal cognitive 
function = 27 - 30, mild cognitive impairment = 21 - 26, moderate cognitive impairment 
= 11-20, and severe cognitive impairment = 0 -1 0 . Theses ranges are suggested by the 
authors of the MMSE (Folstein et al, 1975).
2,2.1.4 Geriatric Depression Scale (GDS)
In order to assess self-rated depression a number of questionnaires were considered. The 
Geriatric Depression Seale (GDS) (Yesavage, 1988) (Appendix G) was chosen for its 
simplicity with all answers being a simple yes or no. The intention was to minimise stress 
and confusion when questioning partieipants recruited into level 1. Other scales were 
considered for use such as the Beck Depression Inventory (BDI) and the Cornell Seale for 
Depression in Dementia (CSDD) but were considered unsuitable. The BDI scale gives the 
choice of four answers to eaeh question (Beck et al, 1996) compared to the simple yes/no 
answers in the GDS. The CSDD would need to be administered by a full time carer or 
relative (Alexopoulos et al, 1988) and would not be suitable for non-demented 
partieipants.
2,2,1,5 Light acceptability questions
A short set of questions (provided by Philips Lighting) were asked to evaluate the 
effectiveness and acceptability of the current lighting conditions for all participants 
(Appendix H). These questions included a headache and eye strain scale to record any 
side effects that the lights may have caused (Viola et al, 2008).
2.2.2 Level 2
2,2,2,1 Actiwatch-L (AWL)
The procedure for partieipants recruited into level 2 followed that for level 1 but with the 
addition of wearing an Actiwateh-L (AWL) light and activity monitor (Cambridge
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Neurotechnology Ltd., UK) for the duration of the study. An AWL is a small wrist worn 
device containing an accelerometer and light sensor. It continuously records light levels 
(lux) and motor activity of an individual wearing it.
Its size and ease of use makes it an ideal tool for evaluating activity and actigraphic sleep 
in individuals who are less likely to tolerate polysomnography especially in the field 
(Aneoli-Israel et al, 2003b).
Partieipants at both levels 2 and 3 wore an AWL on their wrists (non-dominant hand if 
possible) and a second AWL around their necks, measuring activity and light, 
respectively. Measurements of actigraphic sleep parameters such as sleep effieieney, total 
sleep time and sleep fragmentation can be gathered from AWL aetigraphy data using 
sleep software analysis. Using the activity data collected by the AWL the rest-aetivity 
rhythm can be assessed using eosinor (section 2.9.6.1) and NPCRA (section 2.9.6.2).The 
second AWL, worn as a pendant around the neck, measured daytime light exposure. It 
was hoped that time spent in the communal areas under the intervention lights could be 
gathered from the AWL light data as well as a general indication of a person’s light 
exposure levels.
2.2.3 Level 3
2.2,3,1 Sleep and nap diaries
Level 3 partieipants followed the same procedures as those in level 1 and 2 but with 
additional assessments. Partieipants in level 3 were asked to keep a daily sleep and nap 
diary. This information can be used in conjunction with the AWLs to provide sleep onset 
and wake up times and provides details of sleep disruption throughout the night. The nap 
diary provides subjective data on the duration and frequency of daytime naps (Appendix
I).
2.2.3,2 Visual Psychomotor Vigilance Test (PVT)
A  five minute visual PVT (Wilkinson and Houghton, 1982) was used to assess vigilance 
using reaction time data. The PVT was set to test for five minutes (instead of ten minutes)
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because of time pressures on the researchers in data collection. The PVT test of less than 
ten minutes has previously been validated (Sylvia et al, 2004; Roach et al, 2006).
2,2.3.3 The Hospital Anxiety and Depression Scale (HAD)
The Hospital Anxiety and Depression scale was given to level 3 partieipants (Appendix J) 
and is widely used in primary care facilities. The justification for its inclusion is that it 
measures anxiety as well as depression (Zigmond and Snaith, 1983; Snaith 2003). The 
HAD scale is set out in a slightly more complicated way eompared to the GDS; eaeh 
question has a choice of four answers to choose from. Consequently it was decided that it 
would only be suitable for participants recruited into level 3.
2.23.4 The Pittsburgh Sleep Quality Index (PSQI)
The Pittsburgh Sleep Quality Index (Buysse et al, 1989) (Appendix K) is a self-rated 
questionnaire which retrospectively assesses sleep quality and disturbances over a four 
week interval and has been used in many other sleep related studies (Buysse et al, 1991). 
For further details see section 2.8.3.4.
2.2.3.5 Saliva sampling
Saliva samples were eollected by the researchers to measure melatonin rhythm by 
radioimmunoassay (English et al, 1993). This is a robust and accepted method to 
measure melatonin and can be used to determine endogenous circadian phase Saliva 
samples were collected during one evening in the last week of each lighting condition 
(baseline, 4000 K, 17000 K, washout) using salivettes. Residents were permitted to 
follow their habitual routine but saliva was collected every hour from 18:00h to bedtime, 
plus whenever the participant woke during the night. Residents were requested to abstain 
from caffeine containing drinks during sampling and not to eat or walk about within 20 
minutes of the sample collection time. Details of when and where each sample was 
collected were recorded, including a lux level if possible. Collected samples were stored 
in a cold pack with ice blocks and transported to the University to be stored at -20^ C 
prior to assay (Appendix L).
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2.2.3,6 Additional data collection
For all study participants, details of prescribed medications were obtained and a record 
made of the participant’s level of mobility. Participant’s mobility was categorised as 
being: freely mobile, able to walk with a stick, able to walk with a frame or wheelchair 
bound. The level of visual impairment was also assessed using a simple questionnaire to 
determine the following: if a resident could read, count fingers, see hand movements, had 
light perception only or no light perception for both eyes (Appendix M).
2.2.3.7 Staff questions
To evaluate self-reported effectiveness and acceptability of the lighting, a questionnaire 
was given to staff and management to complete.
2.3 Identification of suitable care homes
Selection of the care homes was based on criteria laid out in a previous study 
(Determinants of poor quality sleep in care homes, Workpackage 3 of SomnIA, 
EC2006/128/socio) including: number of residents and their dependency level; 
organisational structure (corporate/small business; profit/not for profit); geographical 
location (urban/suburban/socio-economic profile of area) and type of building (new 
build/conversion). With the support of the SomnIA research project and the Relatives and 
Residents Association as non-academic partners, access was gained through approaching 
care home providers and individual care homes. In addition to these criteria, care home 
selection was based upon agreement to install the experimental lights and the regular use 
of communal areas by residents.
2.3.1 Care home I and Care home 2
The first two facilities (CHI and CH2) were run by the same local government authority 
in Kingston Surrey and were approached because of their cooperation and helpfulness in 
the previous study (Work package 3 of SomnIA: WP3). The close proximity of the care 
homes to each other was another advantage in terms of data collection and researcher 
being in the vicinity if there were any problems.
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CHI and CH2, located in Kingston and Surbiton, respectively, could both accommodate a 
maximum of 38 residents making them both relatively small care homes. Data collection 
in these care homes began in September 2008 (Table 2.2).
2.3.2 Care home 3 and Care home 4
CH3 and CH4 were privately run facilities owned by the same company that also had 
been involved in SomnIA WP3. Their selection was based on previous cooperation, their 
size and the presence of communal living areas suitable for the light installation.
Data collection began in January 2009 but unfortunately CH3 withdrew from the study 
two weeks after recruitment began due to economic pressures. They felt that the 
aesthetically unpleasing appearance of the light installations might affect the marketing 
potential in attracting new clients. Offers were made to try and cover the framework 
holding up the lights to make it less obvious, but a compromise could not be found in 
time and the lights were removed. Pictures of the Dexian frames and the light fitments 
installed in CHI and CH2 had been shown to the CH3 management before they agreed to 
participate in the study to ensure transparency about its appearance. However unforeseen 
circumstances including a large number of deaths immediately after Christmas and the 
current economic downturn played its part in the manager’s decision.
Located in Twickenham Middlesex, CH3 was of a moderate size with a maximum 
capacity of 72 residents. CH4 located in Wimbledon London, was much smaller with a 
maximum capacity of 43 residents.
2.3.3 Care home 5 and Care home 6
Identification of care homes to be studied for the period September to December 2009 
and January to April 2010 began in July of 2009. Six care facilities, owned by the same 
private company, were approached and were willing to be involved in the study. From 
this short list two care homes were selected to begin in September, CH5 in Weybridge, 
Surrey and CH6 in Ascot, Berkshire. The care homes were selected because of their 
location, the number of residents and the presence of communal living areas.
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Owned by a different private company to CH3 and CH4, CH5 and CH6 were much larger 
facilities than the previous three care homes studied. CH5 had a maximum capacity of 76 
residents and CH6 a maximum of 72 residents.
2.3.4 Care home 7 and Care home 8
CH7 and CH8 were selected in November and December 2009 respectively and data 
collection began in January 2010. CH7, located in Leatherhead Surrey, had previously 
been identified in July 2009 and agreed to be involved in the study. CH7 was a moderate 
sized care home with 58 residents as its maximum capacity.
CH8, located in Weybridge Surrey, was a very small care home with a maximum capacity 
of 28 residents. This was the last care home to be recruited and was run by a different 
private company to all of the previous care homes.
2.3.5 Evaluating the environmental setting
To ensure that one care home environment did not vary significantly compared to the 
others all care homes were assessed using the Therapeutic Environment Screening Scale 
(TESS) (Appendix N). This questionnaire was completed by a single investigator who 
spent 30 minutes at the same time of day in each care home walking around the care 
home and answering a standard set of questions (score range 0 -  30). As data collection 
was staggered by one week from one care home to another in eaeh group, i.e. CHI 
staggered by a week from CH2, CH5 by a week from CH6 etc, the TESS ratings were 
separated by one week in each care home. Questions covered various aspects of the care 
home environment from the physical state of the building to questions about light quality 
and smells observed in corridors.
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2.4 The lights
2.4.1 Light administration
Two different lighting conditions were used during the study, blue-enriched white light 
and control dim white light. Philips Lighting provided the new light fittings and lamps 
which were 58W (17000 K colour temperature) TL-D Activiva lamps (Philips TCS097 
2xTL-D58W HF O, dimensions 1556 mm by 191 mm by 82 mm) for the blue-enriched 
white lighting and Philips 58W (4000 K colour temperature) TL-D lamps (Philips 
TCS097 2xTL-D58W/451 HF O) for the control white lighting. As previously discussed 
communal rooms were chosen as those suitable to position the lights, as the majority of 
residents spent most of their time there. In each room, the fitments themselves were 
attached to a Dexian frame, which was built by the University workshop to fit each room 
(Figure 2.3, section 2.4.2). In CHI and CH2 the lights were installed into communal 
lounge areas and activity rooms only. In CH4-8 dining rooms were additionally used 
because the majority of residents would spend at least an hour a day in the dining rooms 
eating together.
The blue-enriched light (referred to hence forth as the 17000 K light condition) was set at 
1000 lux measured in the direction of gaze, at a height of 1.6 metres (which was taken as 
eye level of an average person standing). This lux level was chosen on the basis of 
previous care home studies that had found positive results using bright white light of 1000 
lux and above (section 1.6.3.2). During the washout period the original care home 
lighting was switched back on and the experimental lights switched off for three weeks. 
This was designed specifically to address issues of post-light treatment washout effects 
found in other studies (Fetveit and Bjorvatn, 2004). As explained earlier the control white 
light was set at 200 lux in the direction of gaze. This light condition will be referred to as 
the 4000 K light condition.
2.4.2 Dexian frames
In order to achieve an even light intensity across the large communal rooms in the care 
homes, a large quantity of light fitments were required. However a major problem with 
this was fitting the lights in the rooms without making permanent changes or causing too 
much disruption to the residents by having the rooms out of use for too long during light 
installation. The solution to the problem, agreed with the University workshop and Philips
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Lighting, was to build a lightweight Dexian frame that could be constructed within each 
room. It would be strong enough to support all the light fitments without making 
alterations to the rooms themselves, easily adjusted to position beams around existing 
light fitments and quick and relatively simple to take down and transport from one care 
home to the next (Figure 2.3 and Figure 2.4 ).
2.4.3 Light installation
Once attached to the frames the lights were connected to the mains supply. In most of the 
rooms the original light fitments did not have to be removed to accommodate the 
experimental lights. The switches for the care home lights were covered up or 
disconnected during the four week experimental light periods and warning signs not to 
tamper with the lights were positioned next to the light switches. In CHI, CH2 and CH4 
the staff were asked to switch the lights off once everyone had gone to bed and to switch 
them on again the next morning before anyone entered the rooms. However at the start of 
the study it would often take a few days for all of the staff to remember to use the lights 
during the daytime. To reduce the chances of the lights not being used in CH5-8, timing 
mechanisms were installed so that the lights would switch on and off automatically at set 
times in the morning and evening. The set times depended upon the arrival of the day 
shift staff in the morning and when the rooms were used by the residents so the lights 
were set to go on from 04:00 h and to go off in the night at 23:00 h at the latest. On the 
timing mechanism, there was an override switch that could be used if night staff needed 
to use the communal rooms.
At the appropriate time in the study one type of lamp (4000 K or 17000 K) was replaced 
by the other in all light fitments in each room. This took place late at night or during meal 
times so that the residents were not aware of the change and to minimise disruption from 
the rooms being out of use. Continuous Hobo readings (Tempcon Instrumentation Ltd., 
Arundel, UK) from each communal room were used to objectively assess when the lights 
were switched on and off and are discussed in the following sections (chapter 3).
Following completion of the study, the light fitments were removed by the University 
workshop and any changes to the property made good.
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Figure 2.3: Dexian frame without light fitments.
%nr—
F igure 2.4: Dexian frame with light fitments (17000 K light eondition).
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2.5 Equipment calibration
2.5.1 Hobo light calibration
Before use all Hobo data loggers were checked for accuracy of readings against a 
calibrated powermeter (Macam Photometries Ltd, Livingstone, Scotland) measuring lux. 
Calibration was conducted under a controlled light environment within the clinical 
investigation unit (CIU) at the University of Surrey. Two sets of Hobos were calibrated 
on different occasions (Set A: n = 12 Hobos, Set B: n = 4 Hobos) using slightly different 
lux intensities.
Light levels were set and checked using the powermeter at a range of different light 
intensities (set A; 9 - 13270 lux, set B: 24 - 6970 lux) in the Clinical Investigation Unit 
(CIU) (Table 2.3) and the readouts from the Hobos compared to the powermeter readings. 
The Hobos were set to record at 15 second epochs. Groups of Hobos were positioned 
under each light intensity for a minimum of ten minutes (40 readings) and the time noted. 
The powermeter reading was taken facing the light source to match the positioning of 
each Hobo and care was taken not to cast a shadow onto the powermeter or Hobo light 
sensor. This was repeated for different lux levels for all Hobos.
Following completion of the light readings in the CIU, all Hobos downloaded and the 
data files saved. The mean percentage difference between the powermeter readings and 
the Hobo readings were determined for each lux level. This was repeated for all lux 
readings for each Hobo (Figure 2.5). The first two lux levels measured by the powermeter 
(9 and 25 lux) were below the limits of detection of the Hobos and all 16 Hobos recorded 
0 values. When excluding these values, the mean percentage difference between the 
powermeter and all of the Hobos (at all intensities within the range of 50 - 13000 lux) was 
41%. This value was lower at lower light intensities and higher at higher light intensities 
(range 15 - 48% for set A and 28 - 62% for set B). Subsequently all recorded Hobo data 
from the care homes was adjusted for the calibration factor of 41% to compensate for the 
difference in recorded lux level between Hobos and powermeter.
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Table 2.3: Range of lux levels used for Hobo calibration in set A (n = 12) and B (n = 4)
Set A: mean power meter Set A: mean hobo Set B: mean power meter Set B: mean hobo 
_____ reading (lux) reading (lux)________ reading (lux)________ reading (lux)
9
25
66
159
222
350
476
615
808
1061
1427
2832
3444
10470
13270
0
0
12
59
89
151
212
282
376
472
662
1222
1425
4594
5373
4
13
26
50
79
147
248
453
631
729
1025
1561
1926
3570
6813
0
0
8
20
32
67
119
223
322
371
500
765
1138
1830
2692
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Figure 2.5: Hobo reading as % of powermeter reading,
(A) from 9 to 13270 lux in 12 Hobos (B) from 4 to 6970 lux in 4 Hobos,
2.5.2 Actiwatch light calibration
Before use all AWLs were checked for accuracy of readings against a calibrated 
powermeter (Macam Photometries Ltd, Livingstone, Scotland) measuring lux. Calibration 
was conducted under a controlled light environment within the Clinical Investigation Unit 
(CIU) at the University of Surrey, Light levels were set and checked using the
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powermeter at a range of different light intensities and the readouts from the AWLs 
compared to the powermeter readings. The AWLs were set to record at 15 second epochs. 
Groups of AWLs were positioned under each light intensity for a minimum of ten 
minutes (40 readings) and the time noted. The powermeter reading was taken facing the 
light source to match the position of each AWL and care was taken not to cast a shadow 
onto the powermeter or AWL light sensor. This was repeated for different lux levels for 
all AWLs
Following completion of the light readings in the CIU, all AWLS were downloaded and 
the data files saved. The difference between AWL and powermeter readings (lux) was not 
strictly linear thus a 2"^  order polynomial was used to fit a regression curve to determine 
the corrected AWL lux level from the powermeter readings (Figure 2.6). In comparison to 
the Hobos, the subsequent correction factors were specific to each AWL unit and were 
applied to all light data generated by it on an individual AWL basis.
X
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Figure 2.6: 2"^  order polynomial regression standard curve example (AWL 642379).
2.5.3 Actiwatch-L activity calibration
The AWL samples activity counts per second (at a frequency of 32 Hz) with band pass 
filters set between 3 and 11 Hz. In this study the 1 second samples were totalled and 
stored every minute. This is known as the epoch length.
The calibration of each AWL was cheeked and new batteries fitted before data collection 
began. Calibration of the AWL for activity was conducted on a specially designed rig that 
spun all AWLs at a set speed for 20 minutes. The AWL was then removed and the
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information downloaded using the sleep software (Version 7.23). A ealibration eertificate 
was then produced to state if the AWL had passed or not and a calibration factor applied 
to ensure that all AWLs produced the same output for the same level of acceleration (at 
Ig). AWLs that failed the calibration were returned to the manufacturer for repair.
2.6 Participant recruitment
The ability to answer questions was essential to data collection and it was decided that 
anyone who could not communicate because of language problems or because of 
cognitive impairment would not be able to participate. Residents were also excluded if 
they slept in shared rooms because of the effect one individual could have upon another 
individuaTs sleep.
Participants were men and women over 60 years of age residing in one of the 
participating care homes. Posters and written briefing information were provided for staff, 
residents and relatives of the residents in the preceding weeks before the study began. The 
written briefing outlined the study details and described the three different levels of 
participation (Appendix O). The intention was to ensure that the residents were making an 
informed choice about their participation. It also helped to notify staff as to what was 
planned for the study over the coming weeks. A pre-study briefing to the staff and 
residents presented them with an opportunity to ask questions and helped to ensure that 
everyone was aware of the study. Relevant information sheets were given to all those 
participating.
Staff also participated in the study by completing a consent form, recruitment 
questionnaire and a light acceptability questionnaire at the start of the study and at the end 
of eaeh light condition. The information collected was stored anonymously, at the 
University of Surrey, according to the terms of the Data Protection Act 1998.
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2.6.1 Inclusion criteria
Participants w ere ineluded i f  they were:
• over 60 years of age,
• able and willing to give informed written consent on their own behalf or by their 
relatives
• used communal rooms where the lights were installed
2.6.2 Exclusion criteria
Participants were excluded if they:
• were bed bound.
were unable to answer any questions on the basis of language or cognitive 
function.
were living in shared rooms at level 3
2.6.3 Meeting staff and managers
The recruitment period began with a meeting with all staff and managers that were 
available. The meeting was arranged to explain to the staff what the investigators would 
be doing and it offered them the opportunity to ask any questions. The staff were shown 
the AWLs and Hobos coupled with an explanation as to what they did and how they 
could help the residents with them. They were informed of when the new lights would be 
installed; given introductory letters and information sheets that explained in more detail 
what the investigators would be doing for the next 16 weeks (12 week study period plus 
the pre study period) and finally an explanation as to how they could help individually in 
the study by completing questionnaires.
Additional information sheets were left in the staff office for any missing members of 
staff and information posters with images of the investigators, were positioned around the 
care homes. The posters served to familiarise the staff and residents with the researchers.
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2.6.4 Meeting residents
The next stage in the recruitment period involved meeting the residents and informing 
them about the study. This was carried out over the course of two days. A morning would 
be spent in one care home then the afternoon in the other and vice versa the next day.
The aim of this arrangement was to be able to inform and get to know as many people as 
possible with the limited amount of time available. Eaeh level of participation and its 
subsequent tasks were explained to the residents along with the AWLs and Hobos. The 
whole process was repeated the next day with the same residents and also with other 
residents who may have missed the previous visit. It was felt that repeating the 
explanation would be useful for the more confused and forgetful residents. Written 
briefing information was also given to all residents to outline the study and describe the 
three different levels of participation (Appendix O).
2.6.5 Informed consent
The final stage of the recruitment period was to gain written informed consent from the 
residents and staff. This was complete one week before baseline data collection began and 
presented another opportunity for residents to raise any questions before the start of the 
study. The level at which a resident entered the study depended upon their willingness 
and ability to complete the tasks.
The whole procedure ensured that the residents were making an informed choice about 
what they were expected to do at the level they chose to participate. Suitability was also 
discussed with staff members, as they were able to give guidance as to which people 
spent the majority of their time in the communal areas where the lights would be placed.
A general recruitment questionnaire was completed alongside each consent form 
providing details about each participant. More detailed questions regarding medication 
and ocular disease were asked of residents participating in level 3 only. Additional 
medical information was provided by the care home staff for all participating residents. 
Although no individuals were excluded due to medication this information was useful to 
interpret the data.
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2.6.6 Participant demographics
In total 269 care home residents were informed about the study. In most care homes the 
researchers were able to approach suitable residents, with the adviee of care home staff, 
for study reeruitment. In total 150 residents were identified as suitable for study 
participation and 99 initially agreed to take part. Before the study began, in addition to the 
withdrawal of CH3, three participants fell ill and two participants withdrew. The 
remaining 80 participants began the study at baseline (11 males 69 females; average age 
86 ± 8 years; mean MMSE score 19 ± 6) (Table 2.4). The high female to male ratio in the 
study sample typically reflects the population dynamics in care homes due to the life 
expectancy differences between men and women.
Out of 80 participants 16 (20%) had free unaided mobility, 9 (11.3%) could walk with a 
stick, 13 (16.3%) could walk with a frame, and 42 (52.5%) were wheelchair bound. One 
participant had free mobility, but was visually impaired and staff often moved her with a 
wheelchair. Another three participants sometimes walked with a frame or were pushed in 
a wheelchair while another suffered deteriorating health and became wheelchair bound 
during the study. These five participants were subsequently classed as wheelchair bound 
for further statistical analysis.
Some participants (n = 18, 23%) did not complete the MMSE. Eight participants (10%) 
had limited communication to the point where they were unable to complete the MMSE. 
Two more participants (3%) refused to complete the MMSE, although they were 
physically capable and seven out of the eight visually impaired participants were unable 
to see clearly enough to complete it (9%). One other participant (1%) withdrew before the 
MMSE was conducted. In section 2.2.1.3 the categories of MMSE scores were outlined. 
Of the 62 participants (78%) that completed the MMSE eight participants (13%) had 
normal cognitive function (MMSE score, 27 - 30), 16 (26%) had mild cognitive 
impairment (21 - 26), 33 (53%) had moderate cognitive impairment (11- 20) and five 
participants (8%) had severe cognitive impairment (0 -10)
Care home residents participated in the study to varying degrees (Table 2.5). Participants 
were assigned a level of participation to indicate what assessments they would be doing 
(level 1 participants did the minimum of assessments and level 3 participants did all the 
assessments). In total five residents (6%) participated at level 1, 49 (61%) at level 2 and 
26 (33%) at level 3. All participants at level 2 and level 3 were asked to wear AWLs,
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although two participants refused to, which meant that 73 participants (91%) initially 
wore AWLs at the start of the study.
Table 2.4; Demographics of recruited partieipants (n = 80)
MMSE Medication categories
Code Age Gender Mobility score LC VI AD AP Hyp Gly Dem
c m s o i 69 m FM 19*
c m s o 2 86 f WF 17
CH1S03 81 f FM 15 ✓ ✓
CH1S04 87 f WC 10
c m  805 88 f W8 21
c m  806 89 f WF 16 /
c m  807 87 f WS 12
c m  808 88 f WS 28 y
c m  809 83 f FM 17
c m s io 85 f WS 27 /
c m s i i 91 f WF ND ✓ ✓
CH2801 95 f WS 21
CH2802 87 f WC 11 / y
CH2803 85 f WF 15
CH2805 89 f WF 21 y
CH2807 80 f WF 20 y
CH2808 71 m FM 29
CH2809 68 m FM 25
CH2810 89 f WS 24 ✓ y
CH2811 97 f WC 13*
CH4801 91 f FM 18 y
CH4802 93 f WF 25 y
CH4803 90 f WS 19
CH4804 94 f WS ND y
CH4805 80 f WC 15* y
CH4806 87 f WC ND
CH4807 87 f WC 14*
CH4808 88 f WC 12* y
CH4809 80 f FM 22 y ✓
CH4811 91 f WC 27
CH4812 89 f WC 17 y
CH4813 75 f WC 29
CH4814 94 f WF 24 +
*: participants unable to write, +: participants MMSE score measured during week three o f washout not 
from baseline, WC: wheelchair, WS: walking with stick, WF: walking with frame and FM: free mobility, 
VI: visually impaired, LC: limited communication, MMSE: Mini mental state exam, -: refused to complete 
the MMSE, ND: no data, m: male, f: female, AD: antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: 
glaucoma medication, Dem: dementia medication.
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Table 2.4: Demographics o f recruited participants (n = 80), continued
Code Age Gender Mobility
MMSE
score LC VI AD
Medication categories 
AP Hyp Gly Dem
CH5S01 81 FM 9 +
CH5S02 85 f FM 14 ✓
CH5S03 84 WF 16 ✓
CH5S04 82 f WC 17
CH5S05 87 WF 15 ✓
CH5S06 67 f WC ND /
CH5S07 84 f WC ND ✓ ✓ ✓ ✓
CH5S08 74 f WC 24 ✓
CH5S09 89 f WC 12 ✓ ✓
CH5S10 83 f WC - ✓ ✓
CH5S11 76 f WC 14 ✓
CH5S12 97 f WC 9
CH5S13 93 f WC 15
CH5S14 75 f WC 19
CH5S16 89 m WC ND ✓ ✓
CH5S18 90 f WC 26
CH5S19 89 f FM 21
CH5S20 87 f FM 18 ✓ ✓
CH5S21 85 m FM -
CH6S01 90 f WC 21 ✓
CH6S02 92 f WC 17 ✓ ✓
CH6S03 84 f WC 11 ✓
CH6S04 90 f WC 20
CH6S05 94 f FM 28 ✓
CH6S06 88 f FM 26
CH6S07 80 f WC 15 ✓ ✓
CH6S08 87 f WC ND ✓
CH6S09 82 f WC 27
CH6S10 85 f WF 18 ✓ ✓ ✓
CH7S01 93 f WC ND / ✓ ✓
CH7S04 85 f WC 6 ■ /
CH7S05 73 f WC ND ✓ ✓ ✓ ✓
CH7S07 86 f WC 9 ✓
CH7S09 83 WC ND ✓
CH7S10 96 f WC 18* ✓
CH7S11 82 f WC ND
CH8S01 85 WC ND ✓ ✓ ✓
CH8S02 90 f WC ND ✓
CH8S03 92 f WC ND ✓ ✓
CH8S04 93 f FM 16 ✓ ✓
CH8S05 89 f WF 22
CH8S06 93 f WS ND ✓ ✓ ✓
CH8S07 59 f WC 20 ✓
CH8S08 75 f WC 29 ✓
CH8S09 96 f WF 26
CH8S10 90 FM 26
CH8S11 99 f WC ND
M ean± S D 8 6 ± 8 19 ± 6
Total 80 l l in ,6 9 f 62 8 8 32 10 13 10 4
Max 99 29
Min 59 6
% oftotal 10% 10% 40% 13% 16% 13% 5%
*: participants unable to write, +: participants MMSE score measured during week three o f washout not 
from baseline, WC: wheelchair (n = 42, 52.5%), WS: walking with stick (n = 9, 11.3%), WF: walking with 
frame (n = 13, 16.3%), FM: free mobility (n = 16, 20%), VI: visually impaired, LC: limited communication, 
MMSE: Mini mental state exam, -: refused to complete the MMSE, ND: no data, m: male m: male, f: 
female, AD: antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia 
medication.
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Table 2.5: Study participation details of recruited participants (n = 80)
Code
AWL
worn
Participation
level
Study
period Year
First light 
condition
CHISOI 1 Sept-Dee 2008 4000 K
c m s o 2 / 2 Sept-Dee 2008 4000 K
CH1S03 y 2 Sept-Dee 2008 4000 K
CH1S04 V 2 Sept-Dee 2008 4000 K
CH1S05 y 2 Sept-Dee 2008 4000 K
c m s o 6 y 2 Sept-Dee 2008 4000 K
CH1S07 y 2 Sept-Dee 2008 4000 K
CH1S08 / 3 Sept-Dee 2008 4000 K
CH1S09 / 3 Sept-Dee 2008 4000 K
CHISIO / 3 Sept-Dee 2008 4000 K
c m s i i / 2 Sept-Dee 2008 4000 K
CH2S01 1 Sept-Dee 2008 17000K
CH2S02 1 Sept-Dee 2008 17000 K
CH2S03 / 2 Sept-Dee 2008 17000 K
CH2S05 y 2 Sept-Dee 2008 17000 K
CH2S07 y 2 Sept-Dee 2008 17000 K
CH2S08 / 3 Sept-Dee 2008 17000 K
CH2S09 / 3 Sept-Dee 2008 17000K
CH2S10 / 3 Sept-Dee 2008 17000 K
CH2S11 1 Sept-Dee 2008 17000 K
CH4S01 y 2 Jan-April 2009 4000 K
CH4S02 y 2 Jan-April 2009 4000 K
CH4S03 y 2 Jan-April 2009 4000 K
CH4S04 / 2 Jan-April 2009 4000 K
CH4S05 / 2 Jan-April 2009 4000 K
CH4S06 / 2 Jan-April 2009 4000 K
CH4S07 / 2 Jan-April 2009 4000 K
CH4S08 / 2 Jan-April 2009 4000 K
CH4S09 / 2 Jan-April 2009 4000 K
CH4S11 / 3 Jan-April 2009 4000 K
CH4S12 V 3 Jan-April 2009 4000 K
CH4S13 / 3 Jan-April 2009 4000 K
CH4S14 / 3 Jan-April 2009 4000 K
AWL: Actiwatch-L light and activity monitor.
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Table 2.5: Study participation details o f  recruited participants (n = 80), continued
Code
AWL
worn
Participation
level
Stu(fy
period Year
First light 
condition
CH5S01 y 2 Sept-Dee 2009 17000K
CH5S02 y 2 Sept-Dee 2009 17000K
CH5S03 1 Sept-Dee 2009 17000K
CH5S04 y 2 Sept-Dee 2009 17000K
CH5S05 y 2 Sept-Dee 2009 17000K
CH5S06 y 2 Sept-Dee 2009 17000K
CH5S07 y 2 Sept-Dee 2009 17000K
CH5S08 y 2 Sept-Dee 2009 17000K
CH5S09 y 2 Sept-Dee 2009 17000K
CH5S10 y 2 Sept-Dee 2009 17000K
CH5S11 y 2 Sept-Dee 2009 17000K
CH5S12 y 2 Sept-Dee 2009 17000K
CH5S13 y 2 Sept-Dee 2009 17000K
CH5S14 y 2 Sept-Dee 2009 17000K
CH5S16 y 3 Sept-Dee 2009 17000K
CH5S18 y 3 Sept-Dee 2009 17000 K
CH5S19 3 Sept-Dee 2009 17000 K
CH5S20 y 3 Sept-Dee 2009 17000 K
CH5S21 y 3 Sept-Dee 2009 17000K
CH6S01 y 2 Sept-Dee 2009 4000 K
CH6S02 y 2 Sept-Dee 2009 4000 K
CH6S03 y 2 Sept-Dee 2009 4000 K
CH6S04 y 3 Sept-Dee 2009 4000 K
CH6S05 y 3 Sept-Dee 2009 4000 K
CH6S06 y 3 Sept-Dee 2009 4000 K
CH6S07 y 3 Sept-Dee 2009 4000 K
CH6S08 y 3 Sept-Dee 2009 4000 K
CH6S09 y 3 Sept-Dee 2009 4000 K
CH6S10 y 3 Sept-Dee 2009 4000 K
CH7S01 y 2 Jan-April 2010 17000K
CH7S04 y 2 Jan-April 2010 17000K
CH7S05 y 2 Jan-April 2010 17000K
CH7S07 y 2 Jan-April 2010 17000K
CH7S09 y 2 Jan-April 2010 17000 K
CH7S10 y 3 Jan-April 2010 17000 K
CH7S11 y 2 Jan-April 2010 17000K
CH8S01 y 2 Jan-April 2010 4000 K
CH8S02 y 2 Jan-April 2010 4000 K
CH8S03 y 2 Jan-April 2010 4000 K
CH8S04 y 2 Jan-April 2010 4000 K
CH8S05 y 2 Jan-April 2010 4000 K
CH8S06 2 Jan-April 2010 4000 K
CH8S07 y 2 Jan-April 2010 4000 K
CH8S08 y 3 Jan-April 2010 4000 K
CH8S09 y 3 Jan-April 2010 4000 K
CH8S10 y 3 Jan-April 2010 4000 K
CH8S11 y 2 Jan-April 2010 4000 K
Total 73 Level 1 - 5  
Level 2-49  
Level 3 -26
4000 K first - 45 
17000 K first-35
AWL: Actiwatch-L light and activity monitor.
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Medical records were accessed for all participants in the study and data recorded. 
Participants were on a range of medications. Those drugs thought to affect the study 
parameters were classified into five different categories: Antidepressants, hypnotic drugs, 
antipsychotic drugs, glaucoma medication and dementia medication. Out of 80 
participants 40% (32 residents) were prescribed antidepressant medication, while a 
further 16% (13 residents) were taking hypnotic drugs. Another 13% of study participants 
(10 residents) were prescribed antipsychotic medication and 13% (10 residents) were 
taking medication to treat glaucoma. Dementia medication use was very low with only 
5% (4 participants) of the recruited residents with prescribed medication. Whilst many 
residents were taking more than one category of medication 30 (38%) were not on any of 
the medications listed. In addition to the ten participants that were taking medication for 
glaucoma, the medical records indicated that one other participant had cataracts, another 
had cataracts and was taking medication to treat glaucoma (CH4S09, Table 2.4) and two 
more participants had optical lens implants after cataract removal (Table 2.6).
Table 2.6: Optical health 
Participant
 code______ Cateracts Lens implants
CH4S02 ^
CH4S09 V
CH4S05 ^
CH4S08 V
Total 2 2
Optical health details obtained from medical records.
The number of participants that received the 4000 K light condition first (45 residents. 
Table 2.5) outnumbered the participants that received the 17000 K light condition first 
(35 residents). The groups were unbalanced due to the differences in the number of 
residents recruited in the care homes, which also varied in capacity. The withdrawal of 
CH3 from the study also accentuated the lower numbers of participants in the 17000 K 
light condition first group.
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2.7 Monitoring light levels data collection
Individual light exposure and light levels within the care home communal rooms were 
monitored using the following equipment:
• At least two Hobo data loggers (Hobo, Tempcon Instrumentation Ltd., Arundel, 
UK) were positioned in each communal study room and continually recorded 
ambient lux readings every five minutes.
• A hand held luxmeter (Digital luxmeter LX-IOIA, Lutron Electronic Enterprise 
Co., Ltd., Taipei, Taiwan) was used to take weekly recordings of lux levels in 
various set positions in each communal study room.
A powermeter (Macam Photometries Ltd, Livingstone, Scotland) was used to 
measure irradiance once during each light condition from various set positions in 
the study rooms.
• Actiwatch-L light and activity monitors (Cambridge Neurotechnology Ltd., UK) 
were worn by participants and continually recorded lux readings every minute.
The general ambient light levels in the communal areas of the care homes were recorded 
using light and temperature monitors (Hobo, Tempcon Instrumentation Ltd., Arundel, 
UK). Two or three Hobos were placed in each communal room 1.6 metres from the 
ground, hanging from the walls or from the Dexian frames (Figure 2.7). The data 
collected from them were downloaded each week and checked to make sure that the lights 
had been used and switched on and off correctly over the previous week. The Hobos, 
although limited by recording lux from a fixed position, were ideal to ensure the 
recording of a continuous time course of ambient lux readings in the absence of the 
researchers. Hobo data were used to draw comparisons between hourly mean or median 
lux levels between different light conditions during the daytime (05:00 - 21:00 h) (section 
3.4.2).
The hand held lux readings ensured consistency of lighting levels in all communal areas 
involved in the study. Once the sun had set, between 20 and 30 readings were taken from 
pre-selected positions in each communal room. Vertical readings (in the direction of 
gaze) were taken at 1.6 metres from the ground and 0.6 metres away from walls and 
furniture using measuring sticks.
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Figure 2.7: Hobo pendant temperature/light data logger and placement on care home wall.
The purpose of this was to check that the 17000 K and 4000 K lights were working 
correctly and to ensure that the light levels had not been accidentally adjusted by any 
members of staff or the residents during the study. The measurements also served to 
gauge the variation of lux levels within the communal rooms during each light condition 
and to draw comparisons between the mean lux levels between light conditions at night.
At the end of each four week light period horizontal and vertical irradiance and lux 
readings were measured in the same positions in each communal room using a 
powermeter (Macam Photometries Ltd, Livingstone, Scotland) from the same height as 
the weekly lux readings. Irradiance was measured because it provides the total amount of
95
energy given out by a light souree when all wavelengths are weighted equally. Lux is a 
photometrie unit that gives different wavelengths different weighting depending upon 
their luminosity function. Irradiance and lux were measured to compare levels within and 
between different rooms and to ensure consistency between levels obtained in each care 
home.
The Actiwatch-L (AWLs) were worn by participants throughout the study and provided 
an insight into the lux levels individuals were exposed to throughout the study as well as 
the time spent above pre-determined lux threshold levels (section 4.3.4.1). Additionally it 
was anticipated that the light data could be used to quantify the time that partieipants 
spent in the communal study rooms during the experimental light conditions.
2.7.1 Spectral composition of lighting
The spectral composition of the blue-enriehed white lights, the control white lights and 
the care homes original lighting were determined in each care home using a 
spectroradiometer (Ocean Optics, BV, Florida, USA). The readings were taken 30 cm 
away from one selected light in each room during each light condition. This served to 
quantify the photon density at eaeh wavelength for eaeh light type. The spectral 
composition of the blue-enriehed white, the care home lighting and the control white light 
is shown in Figure 2.8 and Figure 2.9.
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Figure 2.8: Relative spectral power distribution o f  the 4000 K and 17000 K lights. 
Yellow: 4000 K lights, Blue: 17000 K lights.
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Figure 2.9: Relative spectral power distribution of the care homes original lights.
Tungsten/halogen bulb in CHI.
2.8 Participant data collection
2.8.1 Level 1
2.8.1.1 Observations
Four observations were made of all participants in the study one day per week (Table 
2.7). These observations were carried out by researchers at 09:00 h, 11:00 h, 14:00 h and 
16:00 h. Where the participant was and what they were doing was ticked off from a list of 
pre-seleeted activities (Appendix B). If a participant could not be found, then a member 
of staff was asked of their whereabouts. Participants that could not be found in the care 
home were marked as missing.
2.8.1.2 Karolinska Sleepiness Scale (KSS) and mood and alertness ratings
The mood and alertness questions and the KSS were administered at the same time of day 
as the observations, at 09:00 h, 11:00 h, 14:00 h and 16:00 h (the KSS was asked first 
followed by the mood and alertness questions). The weekly alertness questions (Appendix 
C) were administered once during the day at the same time as the KSS and mood and 
alertness questions (This was not conducted at the same time of day for everyone due to 
time constraints).
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2.8.1.3 Mini Mental State Exam (MMSE)
During the two baseline weeks and at the end of each light administration period the 
mental state of all participants was assessed using the MMSE. This test was conducted by 
the same researcher throughout the study.
2.8.1.4 Geriatric Depression Scale (GDS)
The Geriatric Depression Scale was administered to all participants during the two 
baseline weeks and at the end of each light administration period.
Table 2.7: Detailed procedures for the 12-week study and pre-study period
L ev e l P rocedures Pre study F requency D aily frequency
All Pre-study briefing X
All Recruitment process X
All Informed consent X
1,2,3 Observations W eekly Up to 4 times a day
1,2,3 Alertnes Questions W eekly
1,2,3 KSS W eekly Up to 4 times a day
1,2,3 Mood and alertness W eekly Up to 4 times a day
1,2,3 MMSE Every 4 weeks
IJ^ GDS (depression scale) Every 4 weeks
1,2,3 Light acceptability questions Every 4 weeks
2,3 AW L Daily
3 Sleep diary Daily
3 Nap diary Daily
3 H AD (depression scale) Weekly
3 Visual PVT W eekly Up to 3 times in a day
3 PSQI Every 4 weeks
3 Saliva samples Every 4 weeks Up to 6 times in a day
* Staff questionaires Every 4 weeks
KSS; Karolinska sleepiness scale, MMSE: mini mental state exam, GDS: geriatric depression scale, AWL: 
Actiwatch light monitors, HAD: hospital anxiety and depression scale. Visual PVT: visual psychomotor 
vigilance task, PSQI: Pittsburgh sleep quality index.
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2.8.1.5 Light acceptability questions
The effectiveness and acceptability of the current lighting conditions were assessed by all 
participants during the two baseline weeks and at the end of each light administration 
period.
2.8.2 Level 2
2.8.2.1 Actiwatch-L (AWL)
Each week the AWLs were removed from the participants and the data were downloaded. 
The time and date of the removal was recorded before returning to the participant so that 
this period could be removed during data analysis. The weekly dovmload was an essential 
way to cheek that the participants were wearing the AWL and that the AWL had not been 
lost. It also minimised the risk of losing larger segments of data if the AWL were to go 
missing or if it had stopped working.
2.8.3 Level 3
2.8.3.1 Sleep and nap diaries
Partieipants in level 3 were asked to keep a daily sleep and nap diary. This information 
was checked and collected every week by the researchers.
2.8.3.2 Visual Psychomotor Vigilance Test (PVT)
Once a week level 3 partieipants were asked to complete a 5 minute visual PVT three 
times during the day at set intervals, from 09:00 - 12:00 h, 14:00 - 16:00 h and 16:00 - 
18:00 h. These timings were chosen to fit around meal times during the day and the test 
always followed the administration of the KSS and the mood and alertness questions.
2.8.3.3 The Hospital Anxiety and Depression Scale (HAD)
The Hospital Anxiety and Depression scale (HAD) was administered to level 3 
partieipants every week of the study.
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2.8.3.4 The Pittsburgh Sleep Quality Index (PSQI)
The PSQI was completed by level 3 participants at the start of the study during the 
baseline weeks and then at the end of each light administration period.
2.8.3.5 Saliva sampling
At BL and at the end of each light condition, participants were asked to provide up to 
eight saliva samples from the same night/moming at timed intervals. The researchers 
collected saliva samples at hourly intervals after the evening meal. Additionally the 
researchers stayed at the care home overnight to collect saliva samples every time the 
participants woke up, noting the time of collection and during the morning of the next day 
(up to 10 am).
2.8.3.6 Staff questions
The staff questionnaires about light acceptability were given at BL and once at the end of 
each light condition to all participating staff.
2.9 Data analysis
Although multiple scales and parameters were measured in this study the primary aims of 
this thesis were to assess, before and after the installation of the experimental lights, the 
care home light environment (chapter 3), individual light exposure (chapter 4) and the 
effect of light supplementation upon rest-activity rhythms (chapter 5). Subsequent data 
analysis focussed upon the light measurements in the care homes and the light and 
activity readings from the AWLs. The MMSE and the observational data were the only 
other parameters included for data analysis in the following chapters apart from 
demographic information (age, sex, level of visual impairment, mobility and medication 
use).
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2.9.1 Weekly luxmeter
In section 2.7 the method of recording weekly luxmeter readings was described. All data 
gathered from each week were checked for anomalous readings that were inconsistent 
from readings in previous weeks from the same position in the communal room. A mean 
reading was then taken of all the values recorded in the same room for each week and 
compared to other weeks within the same light condition. This provided a measure of 
consistency of the light levels from week to week. Additionally the variation of mean lux 
levels within individual rooms was compared during each light condition by measuring 
the coefficient of variation of the weekly light data.
For comparison a mean of the weekly luxmeter readings was determined for each room 
during each light condition and were calculated as a fold increase compared to the WO 
light condition. Data for each room were then grouped together so that an overall mean 
lux level could be determined for each light condition.
2.9.1,1 Hobo
The primary use of the Hobos was to ensure the experimental lights were being used and 
to evaluate the daytime and 24 h light environment during the four different light 
conditions (BL, 4000 K, WO, 17,000 K).
Using a macro (written by Dr Rob Meadows, Sociology, University of Surrey) data from 
all the Hobo loggers were placed into hourly binned totals for each 24 h period in the 
study. The calibration factor (the Hobos recorded lux levels at approximately 41% of the 
actual lux level) was applied to these data and mean and median hourly lux values were 
calculated. For the window facing Hobo in each room the mean values were then used to 
create 24 h profiles for all data grouped by light condition. Mean and median lux levels 
were also calculated for the daytime period 05:00 - 21:00 h for comparison between light 
conditions and the nighttime lux readings. For ease of comparison mean lux data during 
the 4000 K and 17000 K light conditions were calculated as a fold increase compared to 
the WO light condition. It was also important to be able to determine the relative 
contribution of natural light to the Hobo readings and thus the relative effects of season 
and room aspect could be evaluated.
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2.9.2 Actiwatch-L
Although participants were asked to wear both a neck worn and a wrist worn AWL, the 
majority of participants only remembered to wear the AWL on their wrist (57 out of 73 
participants wore a wrist AWL only, 78%). When the neck worn AWL was worn it was 
often covered by clothing and thus did not provide consistent light data. Due to these 
reasons and time constraints in completing data analysis, only data from wrist worn 
AWLs were analysed.
2.9.2.1 Actiwatch-L file  editing
Before the commencement of data analysis, all weekly AWL files for all participants 
were checked for missing data. In the majority of cases the missing activity was due to 
the AWL not being worn. Files with missing data were reported so that missing time 
points could be removed in the editing process which took the following form:
• Missing values of less than 1 hour were not edited
• Between 06:00 and 23:00 h, any missing activity data greater than or equal to 1 
hour, but less than or equal to three hours in total were replaced with the daily 
mean activity value.
• Between 06:00 and 23:00 h, any days with missing activity data greater than 3 
hours were discarded.
• Days were also discarded if there were no data for the majority of time at night 
between 23:00 and 06:00 h.
• Unusually high single data spikes were removed.
• Participants missing data from an entire light condition were not included for 
further data analysis
For each participant, edited AWL files were joined to create a single file for each light 
condition. The processing and data analysis of these combined files will be discussed in 
the following sections.
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2.9.3 Individual light data analysis
Files were edited in the same way as for the activity analysis so that light data were not 
included if the AWL had not been worn. Light data analysis was conducted to look at two 
different outcome measures for the BL, WO, 4000 K and 17000 K light conditions. These 
were:
1) The time that participants spent in light levels above four different lux threshold 
values for each light condition
2) The median daily lux reading that participants were exposed to from 07:00 - 23:00 
h in each light condition
A number of factors can cause light data to be skewed (chapters 3 and 4) so that the mean 
value will not give the best indication of actual light exposure. Measuring the time above 
threshold lux levels and the median lux level were therefore deemed to be the most 
suitable methods to analyse this data set and to reduce the influence of outliers.
2.9.3.1 Time spent in light
The time (minutes) that all participants spent in lux levels greater than 100, 500, 1000 and 
2000 lux was calculated using AWL sleep analysis software (version 7.23). Due to the 
4000 K lights being set to 200 lux at 1.6 m from the ground (measured vertically in the 
direction of gaze), the time spent above 100 lux was selected to estimate the minimum 
time participants spent in the study rooms under the 4000 K lights. The 17000 K lights 
were set at -1000 lux at 1.6 metres (in the direction of gaze) being much brighter than the 
other light conditions. Therefore the 500 lux threshold value was chosen to distinguish 
between the minimum time participants spent in the study rooms under the 17000 K 
lights. The 1000 and 2000 lux threshold values were selected to analyse the minimum 
time that participants spent in natural light.
To compare the effect of natural photoperiod on participants’ light exposure times, the BL 
and WO light condition data sets were compared. Participants with BL light data from 
CHI, CH2, CH5 and CH6 were grouped together under the long natural photoperiod and 
the WO data grouped under the short natural photoperiod group. The BL data in CH4, 
CH7 and CH8 were put into the short natural photoperiod group and the WO data into the 
long natural photoperiod group.
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2.93.2 Median light exposure during the day
The initial editing of the light data was tied in with the activity data, so that missing days 
of activity (where the AWL had not been worn) were not included in the light data 
analysis. To avoid skewness of the data set, however, zero lux data values also had to be 
removed. These zero values were the consequence of the AWL being covered by a sleeve 
and to manually remove these would have been very time consuming. Subsequently a 
SAS (Statistical Analysis Software) code was written by Mr Peter Williams (Department 
of Maths & Statistics, University of Surrey) to remove all the zero lux data points 
between 07:00 and 23:00 h and determine the range, median and mean lux values for each 
hour in each day of the study.
Although light data were gathered for 24 h each day, the decision was made to 
statistically analyse data between 07:00 and 23:00 h to reduce the impact of very low 
light levels recorded at night affecting the overall median value. Median light data from 
all time points were, however, included to create 24 hour profiles (Figure 4.8 to 4.9) for 
all participants in the same care home and served to emphasize the very low lux levels 
recorded at night.
2.9.4 Observations
Observational data were grouped and coded to correspond with a specific activity and 
location. In total 35 coded categories were established in which, codes were grouped to 
determine the number and percentage of observations of the participants in the study 
rooms and either awake or napping. The codes for all participants were also grouped to 
determine the number and percentage of observations of the residents elsewhere in the 
care home, absent from the care home, in the garden, unable to find or not recorded. 
These codes were then grouped for all participants so that the time that the study 
population spent in the rooms with the experimental lights during each light condition 
could be estimated and compared.
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2.9.5 MMSE
The total scores for the MMSE were grouped for all participants and separated into light 
conditions. BL data that were missing from week one were taken from BL week two. 
Mean MMSE scores were established for all light conditions when all participants were 
grouped together and when participants were separated according to which light condition 
they received first (either 4000 K or the 17000 K light condition). Data from individuals 
that were unable to write were included in the data analysis because although their 
MMSE scores were potentially lower (by 3 out of 30 points) than what they could 
possibly achieve, it would be consistent across all light conditions.
The MMSE scores served as a way of describing the cognitive ability of the study group 
and as a means of measuring changes in cognitive ability over the course of the study that 
could be the consequence of the light intervention.
2.9.6 Circadian rhythm analysis of activity
Two methods of circadian rhythm analysis were applied to the rest-activity dataset, a 
traditional parametric circadian rhythm analysis, fitting the data to a sinusoidal (cosinor) 
curve and non-parametric circadian rhythm analysis, which fits the activity data to a 
square wave form.
2.9.6.1 Parametric circadian rhythm analysis (cosinor)
Hourly activity values for each day grouped by week and light condition were fitted to a 
cosinor model (Nelson et al 1979, Minors and Waterhouse, 1989) in a program written 
and provided by Dr D.S. Minors, University of Manchester, UK. This model fits a cosine 
curve to the data set with a fixed period of 24 h, through the method of least squares and 
produces the output circadian rhythm variables of mesor, amplitude and acrophase. For 
the activity data set these variables are defined as:
• Mesor - the mean activity level
• Amplitude -  the difference between the peak activity and the mesor
• Acrophase -  the time of peak activity
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There are two measure of “goodness of fit” to this model: a measure of the percentage of 
data points that can be accounted for by the cosine curve, which is called % rhythm and 
the probability that the data points would fit the cosine curve by chance (with an a level 
of 0.05). Using this significance value, weeks and light conditions that did not fit the 
model were excluded from further statistical analysis. In addition to looking at weekly 
and condition grouped data for all participants, cosinor parameter data were also split 
according to the chronological order of light condition. Parameters were compared for 
participant data in each light condition that received either the 4000 K or the 17000 K 
light condition first.
This form of analysis is based on the assumption that the rest-activity rhythm being 
measured is sinusoidal in shape. However this is not necessarily the case for rest-activity 
rhythm data and non-parametric circadian rhythm analysis is regarded as a more sensitive 
measure. This is especially true when studying care home residing older people that may 
suffer with a more fragmented rest-activity rhythm as a consequence of cognitive decline 
(Van Someren et al, 1999).
2.9.6.2 Non-parametric circadian rhythm analysis (NPCRA)
AWL activity data were analysed using non-parametric circadian rhythm analysis 
(NPCRA) in a specially written program (provided by Prof. Eus Van Someren, The 
University of Amsterdam, the Netherlands). In total eight variables were measured for all 
participants with adequate activity data, producing a value for each week and each light 
condition in the study. These variables were:
1) The interdaily stability (IS) quantifies the variability of the rest-activity rhythm 
between days with a range of scores between 0 and 1 (a measure of the strength of 
the coupling between the rhythm and environmental zeitgebers). A low IS score 
indicates higher day to day variation.
2) The intradaily variability (IV) is a measure of the fragmentation of the rest- 
activity rhythm, that is, the frequency of transitions from rest and activity over 24 
h. Scores range from 0 to 2, where a higher score indicates a more fragmented 
rest-activity rhythm.
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3) L5 is the average activity for the assigned five hours of least activity within a 24 h 
period.
4) L5 onset is the starting time of the five hours of least activity
5) MIO is the average activity for the assigned ten hours of most activity within a 24 
h period
6) MIO onset is the starting time of the most active ten hours
7) The amplitude (AMP) is defined as the difference between the MIO and the L5 of 
an average 24 h rhythm. This is expressed in arbitrary units of activity.
8) The relative amplitude (RA) is defined as the difference between the MIO and L5 
divided by the sum of MIO and L5. The range of scores is from 0 to 1 where the 
higher the value the lower the fragmentation and the stronger the rest-activity 
rhythm.
Weekly and condition mean data of all NPCRA parameters were grouped together for all 
participants as well as being separated by light condition order for further statistical 
analysis.
2.10 Statistical analysis
The a level set for the statistical analysis of all results was <0.05. All light data were 
checked for a Gaussian distribution with a Shapiro-Wilk normality test and a comparison 
of histograms. For normally distributed data parametric tests were chosen and non- 
parametric statistical tests were used when the data sets were not normally distributed. 
When there were mixed results within a data set, both sets of tests were used. All 
statistical tests were conducted using SPSS version 18 (IBM Corporation, Armonk, New 
York, United States).
Friedman’s 2-way ANOVA of ranks (non parametric test) with a pairwise comparison 
(Bonferoni corrected) of matched groups was used to compare data collected in each light 
condition for: weekly luxmeter readings (recorded in the absence of natural light and 
grouped by light condition); mean and median Hobo lux readings (05:00 - 21:00 h); 
participant and care home grouped data for the mean time spent in light above four
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threshold values; participant and care home grouped data for the median lux readings; all 
participant data and data from participants separated into light condition in the correct 
order (17000 K or 4000 K light condition first) for cosinor parameters; all participant data 
and data from participants separated into light condition in the correct order (17000 K or 
4000 K light condition first) for NPCRA parameters.
Other non parametric tests used included; the Kruskal-Wallis test with Dunn’s multiple 
comparison post hoc test to look at differences between weekly luxmeter readings in the 
same room during the same light condition; the Mann Whitney U-test was used to 
compare median lux readings in rooms with different window orientations during the WO 
light condition and the Wilcoxon matched pairs signed ranks test to look at the effect of 
natural photoperiod on the time participants spent in light above all four lux threshold 
values.
Participant grouped data and chronologically ordered light condition data for cosinor and 
NPCRA parameters were additionally compared using repeated measures ANOVA with a 
Bonferoni post hoc test.
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CHAPTER THREE 
MONITORING ENVIRONMENTAL 
LIGHT IN THE CARE HOMES
3 Monitoring environmental light in the care homes
3.1 Introduction
Artificial lighting design for indoor spaces has in the past catered solely for the needs of 
the visual system. What has not been appreciated is that light can have a profound effect 
on human physiology and behaviour. As discussed previously (section 1.5.3) there is 
mounting evidence for age-related changes in non-visual responses to light (Herljevic et 
al, 2005; Duffy et al, 2007; Sletten et al, 2009) and more specifically an impaired 
response to short wavelength blue light in older people. It is well understood that lens 
opacity (Smith and Pokomy, 1975) and density (Coren and Girgus, 1972) increases with 
age (section 1.5.3.1). In addition, older individuals that reside in care homes have been 
reported to spend less time in bright light conditions (Ancoli-Israel et al, 1997) compared 
to younger individuals resident in the community (Campbell et al, 1988). The 
combination of these factors may weaken the light zeitgeber of the circadian timing 
system and subsequently reduce the strength of the circadian oscillator and its 
endogenous circadian rhythms.
Increasing daylight exposure in older people is the ideal answer to this problem 
(Gammack and Burke, 2009) but a number of factors reduce an older person’s ability to 
spend time outdoors, these include: decreased mobility, fear of falling, discomfort from 
different weather conditions (especially in the UK) and in some cases dependence on 
assistance from care givers to go outdoors.
To exacerbate the issue, lighting levels within care homes also may not be adequate for 
the requirements of older residents. Evidence of this was shown in a 2007 study 
conducted in eight care homes in Belgium (De Lepeleire et al, 2007) where, according to 
the authors, only two care homes reached an adapted EU standard of 750 lux in eight out 
of 16 measurements, on an overcast day (section 1.6.1.2).
Ideally, improved access to natural light indoors for older individuals would nullify these 
issues, but renovating existing care homes to install more sky lights would be an 
expensive and technically challenging solution (Sloane et al, 2005). Until new facilities 
can be built that incorporate these design ideas, an alternative solution would be the 
installation of improved higher intensity artificial lighting (reviewed by Van Hoof et al, 
(2010).
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Previous research has looked at using light as a non pharmacological intervention for care 
home residents by means of light boxes (Mishima et al, 1994; Ancoli-Israel et al, 2003a; 
Dowling et al, 2005b; Fetveit and Bjorvatn, 2005) (section 1.6.3.2.1). Light boxes are an 
effective way of increasing light exposure and are primarily used to alleviate symptoms 
of seasonal depression. Most of these care home studies have found beneficial effects of 
light on rest-activity rhythms and other actigraphically measured parameters, however, 
for a practical real life situation, an unsupervised less demanding form of light 
intervention, such as overhead lighting, would be more appropriate. Overhead lighting 
has been assessed in some studies (Van Someren et al, 1997; Riemersma-van der Lek et 
al, 2008; Van Hoof et al, 2008; Van Hoof et al, 2009) (section) (section 1.6.3.2.2).
There are currently no government regulations in the UK that set out a standard for the 
quality and quantity of light required to meet the visual and non-visual physiological 
needs of elderly people living in care homes or the community. Through the 
environmental light data collected in this study it is hoped to build on existing 
information to assist the development of new standards for lighting in buildings that 
specifically cater for the needs of older people.
The following sections describe in detail the methods used to collect environmental light 
data from the care homes and the reasons the care homes were chosen. A summary of the 
lighting environment of each communal room used in each care home is described 
together with details of the physical characteristics and the positioning of the 
experimental lights. Finally, the results are presented together with a discussion and 
conclusions drawn from these results.
3.2 Aims and hypotheses
Environmental light was monitored in communal rooms of each care home participating 
in this study for a number of reasons. These can be divided into two distinct categories:
A: To look at intra-study consistency, where the aims were to:
1 - ensure that the lights were emitting a consistent lux level from week to week
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Hypothesis 1.1: There will be no difference between lux readings measured from 
one week to the next, recorded in the evening in the absence of natural light under 
each of the different light conditions.
2- check compliance in the use of the experimental lights while the researchers were 
not present.
Hypothesis 1.2: The experimental light use will be consistent throughout each 
light condition.
B: For post study comparison where the objectives were to:
1- compare the difference between the experimental artificial light conditions and the 
care homes original artificial light environment (in the absence of natural light)
Hypothesis 2.1: There will be a difference in the lux levels recorded between the 
different light conditions (in the absence of natural light).
2- compare the total light environment, artificial and natural lighting combined, 
during different light conditions
Hypothesis 2.2: There will be a difference in the total light environment between 
different light conditions.
3- investigate the effect of photoperiod, window orientation and Hobo data logger 
monitoring position.
Hypothesis 2.3: There will be an effect on lux readings recorded depending upon 
photoperiod, window orientation and Hobo data logger position.
3.3 Methods
3.3.1 Rooms selected for light installation
Various rooms were selected within each chosen care home (Table 2.8). As stated 
previously, communal rooms that were used most frequently by residents were selected as 
this was the easiest and most cost effective way to install new temporary light fitments 
and to maximise light exposure times for participants. In each care home alternative areas 
were provided for residents who did not wish to sit in the rooms with the new lights.
I l l
The light units were attached to a Dexian frame constructed at the care home by the 
University of Surrey workshop staff and positioned around the care homes original light 
fitments (Figure 2.3 and 2.4). A Dexian frame was chosen as it was strong, adaptable and 
relatively easy to assemble and disassemble at the end of the 12 week study period for 
reuse. The light fitments were attached to Dexian beams 0.5 m apart and a qualified 
electrician connected the lights together to be powered from the existing mains sockets.
In the initial two care homes (CHI and CH2) lights were installed into three communal 
lounge rooms. In CHI the activity room was predominantly used on week days only. All 
the other rooms were used during the daytime every day in both care homes (Table 2.8).
From the experiences of studying CHI and CH2 it became apparent that meal times were 
considered by the residents as very important parts of the day. Almost everyone who was 
not bed bound would spend an hour or more in the dining rooms at lunch time and in 
some instances at supper time too. Consequently for CH4-8 lights were installed into 
selected dining rooms as well as lounge areas, with the aim of increasing overall light 
exposure for participants across the day.
In total 20 rooms were used in the study across the seven care homes. Nine rooms were 
lounge areas, two rooms were specifically for activities and the remaining nine rooms 
were either dining rooms or large dining rooms with an adjoining lounge area. The largest 
rooms were the dining room in CH6 (102.1 m^) and floor dining room in CH5 (92.8 
m^). The smallest rooms were the comer lounge in CH2 (18.4 m^) and the activity lounge 
in CH8 (22 m^). Due to the size and the number of rooms used in CH5, CH6, CH7 and 
CH8 the distance between the Dexian beams was increased from 0.5 m to 0.9 m.
In total 26% of the rooms had windows that were north-west facing, 21% were east 
facing, 21% were south-east facing, 16% were south facing and 16% were south-west 
facing. No rooms used in the study had windows facing north, north east or west. Only 
the comer lounge in CH2 had no extemal windows, but had intemal windows facing into 
a conservatory.
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3.3.2 Weekly luxmeter readings
Light cast within indoor spaces, whether it is natural light or from an artificial source, is 
uneven. Light from a point source obeys the inverse square law
E =  I/r^
Where E is the illuminance, I is the pointance (commonly called intensity, or power (flux) 
per unit of solid angle) and r  ^ is the distance from the point source squared (Ahmed, 
2007). This means that when the light reading has been determined for a given area at 1 
metre from the source of light, the amount of light at 2 metres will be % the of that at 1 
metre. As a consequence of the inverse square law the light level will reduce the further 
away from the source it is measured. Additionally rooms contain floors, walls and 
furniture which all contribute to the diffuse reflection of light (the incident ray of light is 
reflected at many angles), scattering the light unevenly.
When measuring the overall illuminance level provided by artificial light in a room at a 
fixed height, it is essential to take multiple readings in a number of predetermined 
positions. The number of readings taken per room depended on the size of the room. The 
mean value provided by all of these readings gave an indication of how bright it was and 
the standard deviation gave an idea of how even the light distribution was across the 
room.
In chapter 2 a summary of the methods employed for the weekly luxmeter and 
powermeter readings were described (section 2.7). The following paragraphs describe in 
detail the lights and weekly checks of lux readings at various positions in each room. 
Comparisons of the lux readings achieved in each light condition (4000 K, 17000 K, 
baseline and washout) and in each care home room will be discussed in section 3.4.
3.3.2.1 Setting the lights
Setting the experimental lights at the appropriate illuminance took place after sun down in 
the absence of natural light. Each room was equipped with either one or two banks of 
lights depending upon its size and light diffusers were always on the light fitments when 
lux readings were measured. Each bank of lights was controlled by a dimmer switch 
positioned out of reach, to minimise the chances of them being interfered with by staff or
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residents. Both sets of lights were switched on prior to setting the light level and allowed 
to warm up for 10 to 15 minutes before adjustment commenced. All light measurements 
were taken using a luxmeter (section 2.7) held at a height of 1.6 metres in the angle of 
gaze (vertical direction).
Luxmeter readings were taken at pre-determined positions around the room to ensure the 
lighting was as even as possible and adjustments made using the dimmer switch 
accordingly (Figure 2.10). Out of the twenty rooms that were used across the seven care 
homes, five had one bank of lights. The remaining fifteen rooms had two banks of lights 
requiring two separate dimmer switches and making it a little more difficult to achieve 
uniform illumination (19 rooms became 20 rooms after the staff partitioned the second 
floor lounge/dining room into two separate rooms after the first week of the 17000 K light 
condition in CH5).
Once the installed lights were set, covers and signs were placed over the switches of the 
care homes original lights to prevent their use during the study. Detailed instructions on 
how to use the lights were given to the care home staff.
3.3.2.2 Weekly checks
Every week after sundown readings were taken from central positions within the room in 
four directions and 0.6 m from the walls around the periphery (section 2.7). A plan of 
each room was created that indicated the position and direction of each reading (Figure 
2.10) and two sticks, 1.6 and 0.6 m in length, were used to aid consistency in measuring 
the height and distance from the wall, respectively. When time permitted the lux readings 
in some rooms were measured at the very end of a light condition, which accounted for 
the extra weeks of readings during the 4000 K or 17000 K light condition.
3.3.23 Continuous monitoring o f environmental light
Data collection in the study was conducted on two consecutive, previously agreed, days 
each week. While researchers were able to collect lux readings from hand held luxmeters 
during these days (section 3.3.2.2) this only provided a snap shot of light levels at a given 
time. Hobo light sensors (Figure 2.11) were used to continuously record ambient lux 
readings every five minutes over the twelve weeks of the study and for up to three weeks
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before the study began. Each room was equipped with at least two Hobos. One was 
positioned within close proximity to the windows and/or facing them if possible and 
another was positioned away from the windows and facing across the room. The different 
Hobo positions facilitated the assessment of natural light penetrating the rooms as well as 
recording the artificial light readings (section 2.7).
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Figure 2.10: Example room plan. CH4 floor lounge.
Including positions o f weekly luxmeter readings (A-K), Hobo placement, original and experimental light 
fitments, light switches and windows.
Figure 2.11: Hobo data logger.
1 1 6
33.2.4 Hobo set up and weekly checks
All Hobo data loggers were fitted with new batteries and programmed to record at five 
minute intervals (epochs) commencing at 00:00 h (midnight) after positioning them in the 
care home room. Data were downloaded, checked and stored each week and a record kept 
of the download time and date. The weekly check was to ensure that the Hobo was 
recording correctly and to ascertain whether the lights had been switched on. In most 
cases staff reported if there had been a problem with the lights or if they had been 
switched off for any reason. Figure 2.12 illustrates actual Hobo readouts where the lights 
were not in use for two days. Estimates for the amount of light use are shown later in 
Table 2.16.
The lux profile of the artificial light was flat and consistent when compared to that of 
natural light. This phenomenon was most prominent in the early morning and evening 
when the lights were on and there was no natural light. This aided identification of days 
when the lights were not switched on.
3.3.3 Data analysis
3.3.3.1 Weekly luxmeter readings
Luxmeter data (collected after sundown) were grouped by week and light condition and 
mean values compared for the 17000 K (blue-enriched and high colour temperature 
polychromatic light), 4000 K (low colour temperature polychromatic light) and washout 
lighting (WO, care homes original lights). Data were checked for anomalous readings that 
were much higher (spikes) or lower than the average and excluded from ftirther data 
analysis. Variation in light levels was calculated for the mean weekly and condition data 
in each communal room using the coefficient of variation. Additionally, the effect of the 
two experimental light conditions on the light levels in each room was expressed as a fold 
difference compared to the care homes original light levels.
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Figure 2.12: Raw Hobo data.
(A) 17000 K light condition (CH7, floor dining room) and (B) 4000 K light condition (CH6, ground 
floor dining room).
Showing lights not in use for two days (circled in red).
3.3.3.1.1 Statistical analysis
To look at the consistency of the weekly lux readings, differences within a condition were 
analysed using Kruskal-Wallis (non-parametrie test) with Dunn’s multiple comparison 
post hoc test between weeks for each room. Friedman’s 2 way ANOVA (non-parametric 
test) with pairwise comparisons was also used to compare differences between mean lux 
readings achieved in each light condition when all 20 rooms were grouped together.
3.3.3.2 Hobo data
As previously discussed (section 3.3.2.4), all Hobos were downloaded each week. Hobos 
continued to log data until the memory (64 Kb) was full, after approximately 9-10 weeks. 
Hobos were then reset and data collection recommenced.
For ease of data analysis a macro (written by Dr Rob Meadows, Sociology, University of 
Surrey) was used to take the five minute data points from all Hobo files and create hourly 
summed data. Mean and median hourly lux values were calculated for each Hobo and 
calibration adjusted (section 2.5.1). Mean and median weekly 24 h light (lux) profiles 
were also calculated for each Hobo plus mean and median 24 h profiles for each light
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condition. These light conditions were baseline (BL, the care homes original lights), 
17000 K light condition, 4000 K light condition and washout (WO, the care homes 
original lights). Unless otherwise stated mean and mean median (referred to as median) 
data tables in the following sections and all statistical analyses were created from data 
collected from one Hobo per study room (window facing Hobos, section 3.4.2.1) from 
data recorded in the daytime (05:00 - 21:00 h). This interval was chosen because it 
covered the time participants spent in the communal rooms. The number of rooms in 
which the mean or median lux reading was higher than 500 lux was calculated (section 
3.4.2.5). This value was chosen as it is relatively high (for indoor daytime light levels) 
and is considered more adequate for the visual requirements of older individuals (BSI, 
2003). Additionally, the effect of the two experimental light conditions on the light levels 
in each room was expressed as fold increase on the care homes’ original light level.
3.3.3.2.1 Statistical analysis
To compare mean and median lux readings when all rooms (n = 15) were grouped 
together during the four different light conditions, a Friedman 2 way ANOVA (non- 
parametric) by ranks test was used with pairwise comparisons of group differences. A 
Mann Whitney (non-parametric) test was also used to compare median lux readings in 
rooms with different window orientations during the WO light condition.
3.4 Results
3.4.1 Weekly luxmeter readings
Weekly luxmeter readings (n = 3788) were recorded across all seven eare homes during 
the 4000 K, 17000 K and WO light conditions (Table 2.9). This represented 1387 
readings during the 4000 K light condition, 911 during the WO and 1490 during the 
17000 K light condition. Weekly mean values were calculated for each of the 20 rooms. 
When time permitted weekly luxmeter readings were also collected on the last day of the 
4000 K or 17000 K light condition, before the lights were switched off and the next light 
condition began. Fewer readings were taken in CH4 and CH8 as these care homes had 
fewer communal rooms.
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Table 2.9: Number o f  weekly luxmeter readings recorded in all care homes (n = 3788)
Care home 4000 K WO 17000 K
CHI 230 174 297
CH2 254 153 241
CH4 108 54 135
CH5 248 185 296
CH6 245 150 199
CH7 214 129 212
CHS 88 66 110
Total for condition 1387 911 1490
Washout (WO), 4000 K light condition (4000 K) and 17000 K light condition (17000 K).
3.4.1.1 Weekly within room consistency
Individual weekly mean lux readings for each care home room are shown in Table 2.10.. 
The weekly lux measurements reveal much greater variation in individual rooms during 
the WO light condition measured at night compared to the 4000 K and 17000 K light 
conditions. In 31 out of 58 weeks of measurements during the WO condition in all care 
home rooms, the %CV was above 50%. During the 17000 K and 4000 K light conditions, 
there were no weeks in which the %CV was above 50% (17000 K %CV range: 8% - 
35%, 4000 K %CV range: 4% - 42%). The quiet lounge and the TV lounge in CH2 had 
weekly lux readings with the highest variation (%CV) measured across individual rooms 
during WO. In the quiet lounge, week 3 WO, the %CV was 269% and in the TV lounge, 
week 2 WO, %CV was 130%. This high variation was most likely caused by the 
positioning of directional wall mounted lights, discussed further in section 3.4.2.1.2.
The findings show little variation in lux readings throughout each light condition in each 
care home room. There were 20 rooms across the 7 care homes and three light conditions 
in each room giving a total of 60 light conditions. Of these, 12 (20%) eontained mean 
weekly lux readings that were significantly different from other weeks within that same 
condition. No readings were taken on the third week of WO in CH4 due to adverse 
weather conditions during the evening, the second week of 17000 K in the comer lounge 
of CH2 due to the room being out of use for maintenance and the fourth week of 17000 K 
in the 2"^  floor lounge in CH5 due to the room being used by paramedics treating a 
resident.
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The following is an account of the care home rooms in which mean weekly luxmeter 
readings were significantly different from other weeks within the same light condition:
• CHI activity lounge 4000 K light condition week one versus weeks two and three 
(p < 0.01 and p < 0 .001 , respectively)
• CHI Oxford lounge 4000 K light condition week one versus weeks three (p < 
0 .001)
• CH2 quiet lounge during the 4000 K light condition week one versus week four (p 
< 0 .01)
• CH2 TV lounge during the WO light condition week two versus weeks one and 
three (p < 0.01 and p < 0.05, respectively)
• CH2 comer lounge during the WO light condition week three versus weeks one 
and two (p < 0.01 and p < 0 .001 , respectively)
• CH2 quiet lounge during the WO light condition week three versus weeks one and 
two (p < 0.05 and p < 0.001, respectively)
• CH5 dining room/lounge during the 4000 K light condition week four versus 
weeks two and three (p < 0.05 and p < 0.05, respectively)
• CH5 floor dining room/lounge during the 4000 K light condition week one
versus week two (p < 0.05)
• CH5 floor dining room/lounge during the 17000 K light condition week three
versus weeks one and four (p < 0.05 and p < 0.05, respectively)
• CH7 floor dining room during the 4000 K light condition week three versus
week five (p < 0.05)
• CH7 floor dining room during the 17000 K light condition week five versus
weeks one, two, three and four (p < 0 .001)
• CH8 activity lounge during the 4000 K light condition week four versus weeks 
two and three (p < 0.01 and p < 0 .01 , respectively)
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In CHI, as the light bulbs and light fitments had not been used before, this difference was 
attributed to the lights not having been warmed up sufficiently prior to the luxmeter 
readings as the significant difference was between the first and subsequent weeks in both 
rooms. In CH2 the reason for the difference in lux readings during the 4000 K light in the 
quiet lounge was due to a light fitment not working. This was also the case for the 
floor dining room in CH7 during the 17000 K light condition. During WO in the comer 
lounge and quiet lounge of CH2 a difference was seen in the 3^  ^week compared to all 
other weeks because the surrounding lights in the reception area were not in use during 
that week. In the TV lounge (CH2) the drop in mean lux reading during week two of WO 
was caused by a bulb that had gone out and had not been replaced.
The differences in mean weekly lux readings in CH5 were caused in part by the size of 
the two rooms. The ground floor lounge/dining room and floor lounge/dining room 
were two of the largest rooms (92.2 and 92.8 m .^ Table 2.8) used in the study with a 
greater distance between light fitments. Factors discussed in section 3.3.2, including 
changes in the position of the fumiture and the dispersion of light fitments all played a 
part in the small weekly variations measured in CH5 during the 4000 K and 17000 K light 
conditions. These factors were also likely to have caused the weekly variation recorded in 
the ground floor lounge and floor dining room in CH7 during the 4000 K light 
condition. During the final week of the 4000 K light condition in CH8 the lux readings 
dropped significantly (week four mean 167 lux) compared to the previous weeks (week 
two mean 221 lux, week three mean 231 lux). However, in the context of lux readings 
achieved in all other rooms for the 4000 K light condition, this was still well within the 
range of lux readings achieved.
3.4.L2 Effect o f light condition
The effects the 4000 K and 17000 K light conditions had on light levels in each room in 
the study at night are summarised in table 3.4 as fold increases in mean lux levels.
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Table 2.11: Fold increase in mean luxmeter readings in WO, 4000 K and 17000 K light 
conditions
4000 Kfold 
increase
17000 Kfold 
increase
17000 Kfold 
increase
compared to compared to compared to
Care home Room name WO WO 4000 K
c m Oxford lounge 4.3 23.4 5.4
c m Garden lounge 4.1 26.3 6.3
c m Activity lounge 4.1 24.1 6.8
c m TV lounge 2.1 10.4 4.9
c m Quiet lounge 5.2 25.4 4.9
c m Comer lounge 16.7 68.9 4.1
CH4 Dining room 3.9 19.7 5.1
CH4 1st floor lounge 1.9 11.7 6.2
CH5 Dining room/lounge 6.3 328 5.2
CHS 1st floor Dining room/lounge 8.9 2&3 3.2
CHS 2nd floor Dining room 10.0 32.5 3.3
CHS 2nd floor lounge 4.8 12.9 2.7
CH6 Dining roonVlounge 5.7 26.8 4.7
CH6 1st floor Dining room 6.2 21.9 3.5
CH6 1st floor lounge 11.2 44.9 4.0
CH7 Dining room 1.3 8.0 6.4
CH7 1st floor Dining room 1.6 7.2 4.5
CH7 Lounge 4.9 26.1 5.3
CHS Dining room 1.1 4.2 3.8
CHS Activity lounge 3.0 14.3 4.8
( n=20 rooms).
3.4.1.2.1 Effect o f the 4000 K light condition
In 16 out of 20 rooms there was at least a 2-fold increase in mean nighttime lux readings 
during the 4000 K light condition compared to the WO condition (care home original 
lights). The four rooms in which the 4000 K lights had less of an impact on mean lux 
readings (where the fold increase in mean lux reading was not doubled), compared to the 
care home original lights included the 1®^ floor lounge in CH4 (1.9-fold increase), the 
dining room in CH7 (1.3-fold increase), the floor dining room in CH7 (1.6-fold 
increase) and the dining room in CH8 (1.1-fold increase).
Other noteworthy rooms in which the 4000 K light condition had a greater impact on 
mean lux readings compared to WO (with at least a 10-fold increase in mean nighttime 
lux level) include the 1®‘ floor lounge in CH6 (11.2-fold increase in mean lux reading) and 
the 2"^  floor dining room in CH5 (10-fold increase in mean lux reading). In the comer
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lounge (CH2) the 4000 K light condition increased mean lux readings 16.7-fold compared 
to WO, which was the greatest difference between these two conditions.
3.4.1.2.2 Effect o f17000 K light condition
As expected the effect of the 17000 K light condition at night on mean lux readings was 
far greater than the 4000 K light condition. In 17 out of 20 rooms there was at least a 10- 
fold increase in mean nighttime luxmeter readings during the 17000 K light condition 
compared to the WO condition. The rooms in which the 17000 K light condition had less 
of an impact (in terms of the mean luxmeter readings) compared to the WO condition 
were the dining room in CH8 (4.2-fold increase), the floor dining room in CH7 (7.2- 
fold increase) and the dining room in CH7 (8-fold increase).
In four rooms the 17000 K lights had more than a 30-fold increase in mean lux readings 
compared to the care home original lights during the WO condition. These included the 
2"^  floor dining room in CH5 (32.5-fold increase), the dining room lounge CH5 (32.8-fold 
increase), the floor lounge CH6 (44.9-fold increase) and the comer lounge in CH2 
(68.9-fold increase).
As expected there was a consistent increase in mean lux readings during the 17000 K 
light condition compared to the 4000 K light condition that ranged from a 2.7 (CH5 2"^  
floor lounge) to a 6 .8-fold increase (CHI activity lounge). As was expected the fold 
increase in mean lux readings from the 4000 K light condition compared to the 17000 K 
light condition was not as great as the difference between the 17000 K and WO light 
conditions.
3,4.1.3 Mean lux readings during the washout light condition
The lux readings recorded in the absence of natural light in CHI, CH2 and CH4 were 
generally very poor during the washout condition (care home original lights). In CHI the 
mean ± SD across all study rooms was 41 ± 5 lux measured in the direction of gaze, in 
CH2 this was 48 ± 44 lux and in CH4 71 ± 28 lux (Table 2.12 and Table 2.13).
There were no rooms in CHI, CH2 or CH4 that had a mean lux reading at night above 
100 lux during the WO condition. Additionally, with a mean lux reading of 13 ± 8 lux
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(mean ± SD) recorded at night, the comer lounge in CH2 had the lowest lux reading out 
of all 20 study rooms. This was also the smallest room studied with only three ceiling 
mounted light fitments and no extemal windows.
The recorded lux reading of the care home original lights during the WO condition was 
again very low in CH5 and CH6 (mean ± SD across all rooms of 31 ± 11 lux and 26 ± 9 
lux, respectively). In addition to having the lowest lux reading as a mean across all study 
rooms CH6 also had the second lowest recorded mean across an individual room (1®^ floor 
lounge, mean ± SD 17 ± 2 lux. Table 2.12)
CH7 and CH8 had the highest mean ± SD nighttime lux levels recorded across all study 
rooms (mean ± SD across all rooms in CH7 96 ± 53 lux, in CH8 147 ±111 lux). The 
dining room in CH8 also had the highest mean lux level of any individual room (225 ± 3 
lux) during the WO light condition.
3.4,1,4 Mean lux readings during the 4000 K  light condition
The larger the room the more difficult it became to adjust the lights to obtain an even 
illumination (section 3.4.2 Table 2.8 for room sizes). The rooms in CHI, CH2 and CH4 
were of an average size except the Oxford lounge in CHI and the comer lounge in CH2 
which were two of the smallest rooms used in the study. The similar sized rooms made it 
easier to adjust the lights and to reach the target values of ~ 1000 lux for the 17000 K 
light condition and -200 lux for the 4000 K light condition.
CHI had the lowest mean weekly lux reading recorded at night (mean ± SD, 166 ± 27, 
when all rooms were grouped together) for the 4000 K light condition. The activity 
lounge in CHI was also the room with the lowest recorded mean nighttime lux reading 
(150 ± 12 lux). The mean ± SD lux reading across all rooms in CH2 and CH4 was 197 ± 
23 lux and 187 ± 20 lux, respectively for the 4000 K light condition.
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The mean lux readings during the 4000 K light condition across all rooms in CH5 and 
CH6 were 217 ± 37 lux and 188 ± 26 lux, respectively. For CH7 and CH8 the mean ± SD 
lux reading across all rooms was 179 ± 23 lux and 229 ±35 lux, respectively for the 4000 
K light condition. The dining room in CH5, with a mean ± SD of 258 lux, had the highest 
recorded lux reading during the 4000 K light condition out of all 20 study rooms.
3.4.1.5 Mean lux readings during the 17000 K  light condition
In CHI, CH2 and CH4 the mean ± SD lux readings during the 17000 K light condition 
recorded in the absence of natural light were 1003 ± 54 lux, 913 ± 85 lux and 1044 ± 28 
lux, respectively. The 1®^ floor lounge in CH4 had the highest recorded mean lux reading 
during the 17000 K light condition (mean ± SD, 1064 ± 28 lux) at night.
As discussed previously (section 3.3.1) most of the rooms in CH5 and CH6 were much 
bigger than the rooms in the other care homes. Consequently the distance between the 
light fitments had to be increased which reduced the mean lux reading of the 17000 K 
light condition. A mean ± SD lux reading of 895 ±129 lux was recorded across all the 
care homes in this condition (Table 2.13) (mean lux excluding CH5 and CH6 rooms was 
971 ± 64 lux), in comparison; CH5 and CH6 were 754 ±128 lux and 752 ±11  lux, 
respectively. These were the lowest mean lux levels achieved during the 17000 K light 
condition for all the care homes studied.
The lowest recorded mean lux level (recorded in the absence of natural light) out of all 20 
rooms during the 17000 K light condition was the 2"  ^floor lounge in CH5 (mean ± SD, 
594 ±41 lux). In addition to the increased spacing between the light fitments, the second 
floor lounge/dining area in CH5 was one room at the start of the study, but after the first 
week of the 17000 K light condition, the staff rearranged the furniture and partitioned the 
room into two separate rooms. Some of the luxmeter readings taken near the partition 
were therefore 50 -60 lux lower, reducing the mean lux reading in the lounge half of the 
room from 659 lux in week 1 to 592 lux in week 2 (section 3.4.1.1 and Table 2.10).
Experimental light readings in CH7 and CH8 were consistent for the 17000 K light 
condition when all communal study rooms were grouped together. In CH7 and CH8 the 
mean across all rooms was 950 ± 60 lux and 968 ± 6 lux for the 17000 K light condition, 
respectively.
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3.4,1.6 Overall effect o f light conditions
The mean ± SD lux readings recorded for the 4000 K light condition (in the absence of 
natural light) across all care homes was 194 ± 31 lux (range 150 - 258 lux Table 2.13). 
For the 17000 K condition the mean was 895 ±129  lux (range 594 - 1064 lux). In 
comparison the mean lux reading recorded across all care homes for the care homes 
original lights (WO condition) was 60 ± 52 lux (range 13 - 225 lux).
Table 2.13: Luxmeter readings (mean ± SD) recorded in all care homes and season
Care home 1 2 3 4
Season Autumn to winter Autumn to winter Winter to spring Winter to spring
Condition n = 3 n = 3 * n = 2
4000 K 166 ± 27 197 ± 23 * 187 ± 20
WO 41 ± 5 48 ± 44 * 71 ± 28
17000 K 1003 ± 54 913 ± 85 * 1044 ± 28
5 6 7 8
Autumn to winter Autumn to winter Winter to spring Winter to spring
n = 4 n = 3 n = 3 n = 2
4000 K 217 ± 37 188 ±  26 179 ± 23 229 ± 35
WO 31 ± 11 26 ± 9 96 ± 53 147 ± 111
17000K 754 ± 128 752 ± 11 950 ± 60 968 ±  6
Total for all care Range
home rooms (n = 20) Overall mean SD % CV min - max
4000 K 194 AA 31 16 150 - 258
WO 60 52 86 13 - 225
17000 K 895 AAA ++ 129 14 594 - 1064
n = number o f rooms in the care home * no data.
AA p < 0.01 compared to WO; AAA p < 0.001 compared to WO; ++ p < 0.01 compared to 4000 K light 
condition.
The mean light reading recorded across all study rooms at night was significantly 
different between light conditions (P < 0.001, n = 20) when a Friedman 2 way ANOVA 
was applied. The overall effect of the 17000 K light condition was a significant 15-fold 
increase in mean artificial lux reading compared to the care homes original lights (Z = - 
6.3, SE = 0.32, p < 0.001) and a 5-fold increase compared to the 4000 K light condition 
(Z = -3.2, SE = 0.32, p = 0.005) in a pairwise comparison. The 4000 K light condition 
was also significantly higher than the WO light condition (Z = 3.2, SE = 0.32, p = 0.005) 
with an overall 3-fold increase in mean lux. The overall %CV represents a measure of the 
variation in lux readings between different rooms during different light conditions.
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During the WO light condition the %CV was highest with an overall variation of 86% 
compared to 16% during the 4000 K light condition and 14% during the 17000 K light 
condition.
3.4.2 Hobo results
3.4.2.1 Factors affecting Hobo lux readings
Due to the Hobo remaining in a fixed position for the duration of the study a number of 
factors influenced the readings. These included window proximity and aspect, the season 
of the year and the presence and position of directional artificial lighting. The following 
sections describe the effect these factors had on Hobo readings in each of the care home 
rooms and consequently how the data were handled in order to account for these factors.
3.4.2.1.1 Window proximity
Hobos were hung in one of two positions in each communal room in each care home 
(section 3.3.2.3), either facing towards or away from the windows (or within close 
proximity to windows if there was no suitable position facing a window). Originally it 
was thought that window facing Hobos would give the best indication of the natural light 
levels. Consequently one Hobo was hung in a position where it would be directly facing 
the windows if possible. Other factors, however, also contributed to the level of light that 
reached each Hobo: the distance from (section 3.3.2), the size and orientation of the 
windows, the number of windows in a room, the distance from artificial lighting plus the 
season all influenced the amount of light that was recorded by the Hobos. One example 
that highlights this point was in CH7 in the floor dining room (Figure 2.13). Hobo 6 
was positioned on the far wall facing towards the south west facing windows and Hobo 7 
was positioned on a side wall, not facing the windows but closer to the windows than 
Hobo 6 . Both Hobos show very similar 24 h lux profiles when the same light conditions 
are compared.
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F igure 2.13: Comparison o f  Hobo direction in relation to w indows.
(A) Plan of floor dining room showing positions of CH7Hobo6 and CH7Hobo7. (B) 24 h profile for 
CH7Hobo6, facing windows, but further from windows; (C) 24 h profile for CH7Hobo7, not facing 
windows but closer to windows.
Baseline ( ■ ) ,  17000 K ( ■ ) ,  washout (■I) and 4000K ( ).
In Figure 2.13, there was little differenee in the 24 h profile between the window facing 
Hobo (Figure 2.13B) and the non window facing Hobo (Figure 2.13C). In other care 
homes, however, this difference between the two Hobos was more pronounced during the 
WO, BL and 4000 K light conditions (Figure 2.14).
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Figure 2.14: Hobo proximity to windows.
(A) Plan of ground floor dining/lounge showing positions of CH6Hobo4 and CH6Hobo5. (B) 24 h profile 
for CH6Hobo4, facing windows, but further from windows; (C) 24 h profile for CH6Hobo5, not facing 
windows but close proximity to windows.
Baseline ( ■ ) ,  17000 K ( ■ ) ,  washout ( ■ )  and 4000K ( ).
The window facing Hobo in the ground floor lounge in CH6 (CH6Hobo4) was positioned 
approximately seven metres away from the windows. This Hobo picked up less natural 
light compared to the non window facing Hobo, due in part to the distance from the 
windows in the room and because vegetation partly shaded this room.
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Although no significant difference was found between the median lux readings of 
window facing and non window facing Hobos, a trend could be seen in the 4000 K, WO 
and BL light conditions, whereby the Hobos within close proximity of the window (in 
most instances window facing Hobos) picked up more natural light. Consequently only 
the window facing Hobos were used for further data analysis, including the reported 
median and mean Hobo data for each room (Table 2.19 and Table 2.20) that were used to 
calculate the overall mean and median lux readings for all care homes (Table 2.21).
3.4.2.1.2 Direction o f artificial lights
Directional artificial lights that provide bright lighting for a very concentrated area 
include wall mounted lights, spot lights and table lamps. All the care homes studied used 
at least one form of directional lighting and in some rooms only this form of lighting was 
used instead of ceiling mounted fitments that produced even illumination. Hobos that 
were positioned within close proximity to one of these forms of directional lights would 
show very high lux readings during the WO or BL condition. This happened in CHI and 
CH2 which caused the mean lux readings for the Hobos in both conditions (data between 
19:00 and 21:00 h) to be much higher when compared to the mean weekly luxmeter 
readings (Table 2.14).
As an example, in the activity lounge in CHI, where both data sets were recorded in the 
absence of natural light, the mean lux reading from multiple hand held luxmeter readings 
was 42 ± 3 lux compared to 782 ± 597 lux recorded by the Hobo. Of the six rooms 
studied in CHI and CH2 the most affected were the activity lounge in CHI and the quiet 
lounge and TV lounge in CH2. Figure 2.15 A, B and C illustrates this, where the median 
lux readings recorded during the WO and BL light conditions were clearly higher or 
comparable to the 17000 K light condition (blue line) especially after sunset 
(approximately 20:00 h during BL, 19:00 h during 4000 K CHI and 17000 K CH2, 18:00 
h for WO, 17:00 h for 17000 K CHI and 4000 K CH2).
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Figure 2.15: Effect o f  directional lights on median 24 h Hobo lux profiles.
(A) CHlHobo4: activity lounge, (B) CH2Hobo2: TV lounge and (C) CH2Hobo3: quiet lounge. 
Baseline ( ■ ) ,  17000 K ( a ) ,  washout ( a )  and 4000K ( ).
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As a result of this interference from directional lights, for the remaining five care homes 
Hobos were positioned as far away from any form of directional lighting as possible This, 
however, was sometimes unavoidable and subsequently still affected lux readings in the 
dining room in CH8 and the lounge in CH7 (Figure 2.16A and B).
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F igure 2.16: Effect o f  directional lights on median 24 h Hobo lux profiles.
(A) CH8Hobo3: dining room and (B) CH7Hobo8: lounge.
Baseline ( ■ ) ,  17000 K (■ ) ,  washout ( ■ )  and 4000K ( ).
Hobos with skewed data sets from directional lighting observed during the WO or BL 
light condition were not used in the data analysis (n = 5 out of 20). The exclusion of 
rooms from this data set was based on comparisons of evening Hobo data compared to 
hand held luxmeter readings (Table 2.14). Hobo data from the following rooms were 
consequently excluded: activity lounge in CHI, the TV and quiet lounge in CH2, the
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lounge in CH7 and the dining room in CH8 . For the 17000 K and 4000 K light 
conditions, data from the excluded Hobos were used for seasonal comparisons because 
this was unaffected by Hobo position and only comparisons between the same light 
conditions were made (section 3.4.2.1.4).
3.4.2.1.3 Window orientation
In the northern hemisphere rooms with a south facing aspect receive more natural light. 
On clear days in the winter months when the sun is lower in the sky, light incidence will 
be highly directional and penetrate further into south facing rooms. At all other times of 
the year, directional sunlight will be most prominent at sunrise and sunset in rooms with 
an easterly and westerly aspect, respectively.
CH4 and CH5 had rooms with south easterly and easterly facing windows, respectively. 
In CH4Hobo5 natural light coming through the windows was clearly visible during the 
WO and 17000 K light condition during the morning (Figure 2.17 A). These conditions 
were during late winter/spring and so the early morning light was reduced in this 24 h 
profile. What was also noticeable in this profile was the relative contribution of natural 
light and artificial light. Where there was predominantly natural light in the mornings, the 
error bars are much larger, indicating a range of different lux levels as a result of different 
weather conditions. The evening light readings were more consistent and show the 
contribution of artificial light.
The lux profile for CH5Hobo6 also showed higher light readings during the early 
morning for the BL condition, which was in late August/September (Figure 2.17 B). 
Again as the winter advanced this effect was lost during the WO and 4000 K light 
conditions, when the days were shorter and weather conditions less bright.
In CH6 all communal rooms used in the study had south facing windows. Hobo 
CH6Hobo3 was positioned in the first floor lounge (Figure 2.17 C). The midday sunshine 
was clearly seen during the 4000 K, BL and 17000 K light conditions; however this peak 
was much lower during the WO condition which was in November. The 17000 K light 
condition was during the end of November/beginning of December and so a lower 
midday peak in natural light was obscured by the bright artificial light.
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F igure 2.17: Room window  orientation and varying lux readings at different tim es o f  the day.
(A) South east facing: CH4Hobo5, first floor lounge. (B) East facing: CH5Hobo6, lounge/dining room. (C) 
South facing: CH6Hobo3, first floor lounge.
Although no rooms used in the study were directly north facing there was one room in 
CH7 which was northwest facing (Figure 2.18 A). Compared to the other two south west 
facing rooms in this care home, this room was noticeably darker than the other rooms 
during the WO and BL conditions. Hobo CH7Hobo4 was window facing in the ground 
floor dining room, but the contribution of natural light to this 24 h profile was not 
apparent in any of the light conditions.
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Figure 2.18; Room window orientation and varying lux readings at different tim es o f  the day in 
CH7.
(A) north west facing: CH7Hobo4, dining room (B) south west facing: CH7Hobo6, T* floor dining room.
Rooms with south west facing windows showed a gradual rise in light intensity 
throughout the day with a peak of lux readings in the late afternoon. This declined quickly 
as the sun dropped below the horizon at sun set. This was observed in Hobo CH7Hobo6 
which was positioned in the floor dining room, facing towards the windows (Figure 
2.18 B). The lux readings peaked at 16:00 h during WO and declined quickly from 17:00 
to 18:00 h.
The 24 h Hobo profiles shown in Figure 2.17 A - C and Figure 2.18 A - B all provide 
examples of the time of day natural light peaked in each of the respective rooms 
depending upon the aspect of the windows. Seven rooms with a southern aspect (median 
338 lux) were grouped together (south, south west and south east) and compared to seven
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rooms with a north west or easterly aspect (median 143 lux). In a Mann Whitney test no 
significant difference was found between the median lux readings (recorded between 
05:00 and 21:00 h during the winter season) and the south-north window orientation. 
However five out of the seven rooms within the top 50th percentile (ranked in order of 
mean median lux) were southerly facing (south east, south west or south) (Table 2.15).
Table 2.15: Care home rooms ranked by highest mean median lux reading during the winter
Mean median lux
Care home Room name Window aspect level
cm Oxford lounge North west 593
CHI Garden lounge South west 578
CHS Activity lounge South east 412
CH7 1st floor dining room South west 390
CHS 2nd floor dining room East 151
CH4 1st floor lounge South east 136
CH6 1st floor dining room South 130
CHS 2nd floor lounge East 113
CHS 1st floor dining room/lounge East 93
CH6 1st floor lounge South 89
CH7 Dining room North west 81
CH4 Dining room North west 70
CHS Dining roonVlounge East 63
CH6 Dining room/lounge South 57
November to March, 05:00 - 21:00 h, BL or WO condition, n = 14.
3.4.2.1.4 Season
As mentioned in previous sections the season of the year has a predictable effect on the 
natural light levels that illuminate a room. In the UK, during the transition from autumn 
to winter, the shorter days and increased cloud cover reduce the hours of daylight. This 
natural occurrence was observed in the care homes when comparing Hobo BL data with 
WO data.
In CH5 differences of ~ 200 lux were observed in BL data compared to WO data between 
mean median weekly lux readings recorded in September and November, respectively 
(Figure 2.19 A). These seasonal differences were also observed in CH7 (Figure 2.19 C) 
and CH8 (Figure 2.19 D) when comparing data from the BL during the winter (January)
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and WO during early spring (March). Another trend was also prominent during the 4000 
K light condition in CH6 (Figure 2.19 B), CH7 (Figure 2.19 C) and CH8 (Figure 2.19 D). 
The CF16 lounge had decreasing mean median weekly lux readings (autumn to winter) in 
the 4000 K light condition and CH7 1^  ^ floor dining room and CH8 activity lounge had 
increasing mean median lux readings (winter to spring) in the same light condition.
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Figure 2.19: Seasonal effect of weekly (Hobo) mean median lux readings (05:00 - 21:00 h).
(A) Autumn - winter 17000 K (17K) light condition first: CH5Hobo6, lounge (east facing).
(B) Autumn - winter 4000 K (4K) light condition first: CH6Hobo4, lounge (south facing).
(C) Winter - spring 17000 K light condition first: CH7Hobo6, F* floor dining room (south west facing).
(D) Winter - spring 4000 K light condition first: CH8Hobo2, activity lounge (North east facing).
Residual current device tripped out during the F‘ week o f the 17000 K light condition in CH7Hobo6 (C).
When comparing the mean and median lux data between care homes for the 4000 K and 
17000 K light conditions it was thus important to consider the season in which they were 
measured. When care homes are matched and grouped for light condition in the same 
season, the median Hobo lux readings during the 4000 K light condition were higher 
during the spring (March - April, median 737 lux for CH7 rooms) compared to the winter 
1 period (November - December, median 241 lux for CH2 and CH5 rooms), winter 2 
period (January - February, median 278 lux for CH4 and CH8 rooms), and the autumn
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period (September - October, median 332 lux, CHI and CH6 rooms) (Figure 2.20). 
However, in this comparison because of a low n value (n = 20 rooms unaffected by the 
care home original lights) a statistical difference in season could not be observed. 
Additionally in CH7 two rooms out of three that had the 4000 K light condition in the 
spring (CH7 floor dining room mean median 941 lux, and lounge 837 lux) were facing 
south west. Consequently the window orientation may also have had a greater influence 
over the recorded lux readings than the season.
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Figure 2.20: Median (mean ± SD) Hobo lux readings grouped by season.
(A) 17000 K light condition. (B) 4000 K light condition, 
n = 20 rooms unaffected by the care home original lights.
During the 17000 K light condition Hobos picked up more artificial light than the natural 
light fluctuations and so the overall differences in median lux readings between seasons 
was much smaller when compared to the 4000 K light condition. The median lux reading 
during autumn (September - October, rooms in CH2 and CH5) for the 17000 K light
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condition was 1026 lux, slightly higher than the median value of 889 lux during winter 1 
(November to December, CHI and CH6). Winter 2 (January - February, rooms in CH7), 
however, had the highest median lux reading of 1345 lux followed by spring (March - 
April, rooms in CH4 and CH8) with a median of 1203 lux.
In CH4, CH7 and CH8 the WO condition was in spring (March) which had a natural 
photoperiod of 11 to 12 hours. During the WO in CHI, CH2, CH5 and CH6 the natural 
photoperiod was nine to ten hours as this was the end of autumn (October - November). 
As was expected, the median lux level was higher during the spring WO (March, 417 lux) 
compared to the late autumn WO (November, 189 lux) although this difference did not 
reach statistical significance.
3.4.2.2 Experimental light use
In section 3.3.2.4 the method of checking weekly Hobo readouts was described. Using 
dates highlighted from the weekly checks (Figure 2.21) and comparing the mean hourly 
values from the Hobos with the weekly hand held luxmeter readings, it was possible to 
estimate how many days the experimental lights were actually used in each light 
condition, in each room in every care home (Table 2.16). For these estimates one Hobo 
per room was used.
For some rooms it was relatively simple to estimate experimental light use, especially 
those rooms that were less exposed to natural light or if a light condition fell within the 
darker winter months. If this were the case, during the 17000 K light condition, daytime 
hours in which the hourly mean lux levels were less than approximately 900 lux would 
indicate that the lights had not been used. If a room contained windows with a southern 
aspect, however, the ambient daytime lux reading could be much higher than 900 lux and 
then an estimate from the evening lux readings gave the best indication of whether the 
artificial lights had been used (section 3.4.2.1.3 and 3.4.2.1.4 for further discussion on 
aspect of rooms and the season of each light condition). Use of the 4000 K lights was 
more difficult to estimate in rooms with higher ambient natural light levels and could only 
be deduced from the evening mean lux readings.
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Table 2.17: Percentage estimates of days that the lights were used during each light condition for 
each care home
Care home 
Season 
Condition
Autumn to winter Autumn to winter Winter to spring W inter to spring
BL 
4000 K 
WO 
17000 K
BL 
4000 K 
WO 
1 7 0 0 0 K
All care homes
BL 
4000 K 
WO 
17000 K
100
90 
100 
67
5
Autumn to winter
98
91 
100
Overall a v e rse
n=7
99 
94
100 
85
100
88
100
90
6
Autumn to winter
100
96
100
im
SD
5
6 
0 
17
Winter to spring
100
100
100
91
100
94
100
59
8
Winter to spring
89
100
100
100
The overall results (Table 2.17) indicate that CHI to CH5 were the least compliant in 
light use and CH6 to CH8 the most compliant. In CHI the 4000 K lights were used for a 
mean of 90% of the condition length which was 25 out of 28 days and the 17000 K lights 
were used for 67% of the condition length which was 17 out of 22 days (22 out of 27days 
of data were recorded due to the Hobos reaching their maximum memory capacity). As 
there were three rooms, a mean value was taken across all rooms to determine the 
percentage use.
CHI, CH2 and CH4 were the first three care homes to be studied. Initially in the study it 
was requested that the experimental lights, once in place, be switched on by staff first 
thing in the morning before the residents entered the communal rooms and switched off at 
night by staff when everyone had gone to bed. The night staff often used the communal 
rooms during their breaks and so they needed to be able to have the choice to switch the 
lights on or off at night when required.
All available staff and managers were instructed about how to use the lights at study 
meetings and when the lights were first installed. In addition, all of the light switches had 
instructions on how to use the lights. Unfortunately, these instructions were not passed on
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to all members of staff, especially the night staff that were not available to attend the 
study briefings and temporary agency staff that sometimes started working after the study 
had begun. In addition instructions were not always passed on from more senior members 
of staff to the remaining staff that the research team had not met.
This was the ease in CHI, CH2 and CH4. Therefore it was decided to use timing 
mechanisms to ensure better compliance. CH5 had timing mechanisms installed in 3 out 
of the 4 rooms but light use was still low and will be discussed further in section 
B.4.2.2.4. The following sections discuss in detail the experimental light use in each room 
in each care home, including problems encountered and solutions established.
3.4.2.2.1 CHI light use
Lights were installed into three communal rooms in CHI, the garden lounge, the activity 
lounge and the Oxford lounge. The Oxford lounge was a small sitting room that was used 
regularly by residents to read or to watch television. The garden lounge was the largest 
communal room in CHI and was used by residents for watching television. The activity 
lounge was a medium sized room predominantly used by residents for activities and 
sometimes for family visits. In CHI one of the residents not participating in the study did 
not like the lights and decided to turn the lights off. Although it was the garden lounge 
that was most affected, this also occurred in the other communal rooms with experimental 
lights.
Although care was taken to use communal rooms that were used regularly by the 
residents, some of the rooms were not used as regularly as others. In CHI, for example, 
lights were positioned in the activities lounge, which was used predominantly on week 
days when the activities coordinator was present. This was reflected in the light use 
results for this room where the 17000 K and 4000 K lights were used for 59% and 86% of 
days, respectively compared to 77% and 96% for the Oxford lounge and 64% and 89% 
for the garden lounge. Recorded Hobo lux data for the 17000 K condition in all rooms of 
CHI stopped five days before the condition finished. This was due to the Hobo memory 
reaching maximum capacity before the Hobos could be reset. Therefore all reported data 
for this light condition were taken from 22 recorded days and not the full 27 days.
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3.4.2.2.2 CH2 light use
In CH2 the experimental lights were installed into three communal rooms, the comer 
lounge, quiet lounge and TV lounge. The TV lounge was a large room that was 
predominantly used to watch television. The quiet lounge did not have a television and 
residents used it to read or to sit quietly, it being a similar size to the TV lounge. The 
comer lounge was a much smaller room close to the reception area, with no extemal 
windows. All three rooms were used frequently and activities mostly occurred in the TV 
lounge and quiet lounge. Although it was not discussed in meetings leading up to the 
beginning of the study, CH2 refurbished the dining room during the first five weeks of the 
study (during the 17000 K light condition) which involved general dismption particularly 
to the comer lounge. The electricity to the comer lounge was disconnected and the room 
was out of use for eight days. The other two communal rooms were not affected by the 
refurbishment work. Thus the percentage of days of use for the comer lounge during the 
17000 K condition was 74% compared to the TV lounge and quiet lounge that were 96% 
and 100%, respectively. The 4000 K lights were used for 93% of the days in the comer 
lounge which was higher than the TV lounge and quiet lounge, both at 85%. As the 
comer lounge had no extemal windows it was more obvious if the lights had not been 
switched on in this room.
3.4.2.2.3 CH4 light use
CH4 was the first care home to have experimental lights installed in a dining room. Apart 
from meal times (limeh 12:00 - 13:30 h and supper 17:00 -  18:30 h) this room was also 
occasionally used for activities in the moming or aftemoon. From the Hobo data it was 
clear that the lights were used during these meal periods as well as whilst the staff were 
preparing the tables and clearing up between meals. The floor lounge was the largest 
lounge in CH4 and was designated for some organised activities, but it was not used as 
frequently as other lounge areas studied in previous care homes. Compared to the other 
care homes a large portion of residents spent the day in their own rooms in CH4.
The activities coordinator was absent for the duration of the study and many of the 
smaller group activities that normally would have taken place from week to week in the 
C* floor lounge had to be supervised by staff carers resulting in reduced use of this room.
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The lower than expected frequency of use of the floor lounge may account for the 
lower percentage use of the 17000 K lights when compared to the dining room (44% 
compared to 74%), however the frequency of use of the 4000 K lights appears to be very 
high in both rooms (100% floor lounge and 89% dining room). The floor lounge 
had south east facing windows which had a great deal of natural light during the daytime 
compared to the dining room. This window orientation made estimates of light use 
difficult especially as the floor loimge was not used that frequently during the evening. 
As the 17000 K light condition was during March (a longer natural photoperiod compared 
to the timing of the 4000 K light condition in January - February), estimates of artificial 
light use are probably underestimated. It was also possible that only half the lights were 
used in the 1®^ floor lounge if only half of the room was being used during the 17000 K 
light condition.
3.4.2.2.4 CH5 light use
CH5 was the largest care home taking part in the study. It had the highest maximum 
capacity (76 beds) and the largest communal rooms (16.2 m x 5.7 m. Table 2.8). Lights 
were installed on all three floors within dining rooms and loimge areas, which were 
combined to create very large open plan areas.
Due to the problems in light use in the previous three care homes (sections 3.4.2.2.1,
3.4.2.2.2 and 3.4.2.2.3), the decision was made to install timing mechanisms on the 
residual current devices (RCD) that connected the lights to the mains socket.
The staff on each floor were consulted about when would be the best time for the lights to 
come on in the moming and to go off at night and the timers were programmed 
accordingly. An override switch was built into the timers so that night staff could turn the 
lights on or off if required without affecting the preset timing mechanism. On the 2"  ^floor 
the staff requested that the lights stay on all the time and so no timing mechanisms were 
installed.
Two out of the three floors showed much improved light use with the 17000 K and 4000 
K lights being used for 81% and 96% of days on the ground floor and 93% and 96% of 
days on the 2"^  floor, respectively. 17000 K light use on the 1®^ floor, however, was much 
poorer in comparison to all other rooms with the lights being used for 63% of days. The
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lights in this room, similar to almost all rooms used in the study, were split up into two 
separate banks. In this room, one bank covered the dining room section while the other 
bank covered the lounge area.
From the Hobo data it appeared that for at least six out of the ten days of non use during 
the 17000 K light condition, half of the lights were on. To estimate days when the lights 
had not been used in this room, a 800 lux cut off value was selected as this was 
approximately the condition lux value recorded by a hand held luxmeter (mean ± SD, 821 
± 65 lux) (section 3.4.1.4). Many of the days included as “days lights not used” were 600- 
700 lux, just below the cut off value, but higher than the readings observed during the 
WO.
3.4.2.2.5 CH6 light use
There were three floors in this care home, but unfortunately the residents on the second 
floor were not well enough to take part in the study. Lights were thus installed in the 
ground floor dining room that, like CH5, also had a lounge section, the floor dining 
room and the floor lounge. Timing mechanisms were installed on the RCD of all lights 
and staff were consulted as to when they thought it best for the lights to go off in the 
evening and come on again in the moming. The floor lounge was used the least out of 
all three rooms, as it was only used once or twice a week for activities. Experimental light 
use in CH6 was improved compared to all previous care homes with an overall average of 
96% for the use of the 4000 K lights and 100% for the 17000 K lights across all rooms.
The 4000 K light condition was administered first in CH6 and use of the lights was good. 
During one weekend the lights were off in the groimd floor lounge/dining room (Figure 
2.21 A). There was a power surge which tripped the RCD and although the staff had been 
asked to call us if there were any problems with the lights, they did not. Fortunately only 
one half of the lights tripped in the lounge half of the room, so the ground floor dining 
room could still be used. The maintenance manager switched the lights on again on 
Monday and informed us when we retumed. In Figure 2.21 A the higher lux levels during 
the early moming and evening indicate the light use in the absence of natural light. This 
was clearly not present during the two days that the lights were not in use.
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The 17000 K  light condition w as from  12/11/09 until 09/12/09. D uring the final w eek o f  
the study, Christm as decorations were hung from  the w alls and ceilings around the care 
hom e. Some decorations were positioned in front o f  the H obos in the ground floor 
lounge/dining room  (C H 6H obol and CH 6H obo5) and the 1®^ floor dining room  
(CH6H obo2 and CH 6H obo6) w hich low ered their readings for that period.
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Figure 2.21: Example o f weekly checks o f light use.
(A) CH6 raw lux readings (every five minutes) in the dining room/lounge (autumn - winter),
(B) CH7 raw lux readings (every five minutes) in the f* floor dining room (winter - spring).
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3.4.2.2.6 CH7 light use
CH7 w as a three storey converted m anor house w ith tw o dining room s and three lounge 
type room s. To m axim ise the potential tim e spent under the lights the dining room s and 
the ground floor lounge had the experim ental light fitm ents installed. The percentage o f  
days in  w hich the 4000 K  lights w ere used w as 100% in all room s and 91%  as a  m ean for 
all room s in the 17000 K  condition. The 1®^ floor lounge had the low est percentage use o f  
the 17000 K  lights w ith 82%  o f  days. A s happened in  CH6, the R C D  tripped at the very 
start o f  the study in  one set o f  lights in  this room  (Figure 2.21 B). The s ta ff inform ed us o f  
this after h a lf  o f  the lights had been out for five days.
3.4.2.2.7 CH81ight use
CHS was the sm allest o f  all the care hom es taking part in  the study. L ights w ere installed 
into the dining room  and the activity lounge; both  room s w ere on the ground floor. The 
activity lounge w as only used in the daytim e up until 17:00 h, so tim ing m echanism s w ere 
set in this room  to turn  the lights on at 08:00 h  and to  go o ff  at 17:30 h. Supper w as from  
17:00 h  in the dining room  so the lights w ere set to go o ff  later in  the evening in  this 
room . From  the Hobo data it w as clear that the lights w ere used 100% o f  the tim e during 
both  light conditions in  all room s and no problem s w ere reported by  the staff. D uring the 
BL condition there w ere three days in the activity lounge w here the lux readings w ere 
clearly m uch low er than average. A s activities only took place on w eekdays th is room  
w as less likely to be used on w eekends and so the lights w ould not have been used.
3.4.2.3 Effect o f light condition on daytime lux readings
In addition to estim ating light use during the study the H obo data provided inform ation on 
the general lux readings from  natural light during the day and artificial ligh t at night. The 
advantage o f  this w as that hundreds o f  readings w ere recorded during each light condition 
from  w hich a  m ean or m edian lux value could be determ ined.
The follow ing sections describe the fold increase in m ean daytim e (05:00 - 21:00 h) lux 
readings achieved during the 4000 K  and 17000 K  light conditions com pared to the care 
hom e original light levels during the W O light condition (Table 2.18).
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3.4.2.3.1 Effect o f4000 K  light condition
The 4000 K  light condition had a  m inim al effect on  m ean lux readings during the daytim e 
in  the m ajority o f  care hom e room s (Table 2.18). In the follow ing eight room s the W O 
condition had higher m ean daily lux readings com pared to  the 4000 K  light condition: 
C H I O xford lounge and activity lounge, CH2 TV  lounge and quiet lounge, CH4 floor 
lounge, CH7 lounge and CH8 dining room  and activity lounge.
Table 2.18: Fold increase in mean Hobo lux reading (05:00 - 21:00 h, n=20 rooms)
Care home Room name
4000 K fold 
increase 
compared to 
WO
17000 K fold 
increase 
compared to 
WO
17000 K fold 
increase 
compared to 
4000 K
cm Oxford lounge 0.9 2.0 2.2
cm Garden lounge 1.3 1.3 1.0
cm Activity lounge 0.3 0.6 2.9
CH2 TV lounge 0.3 1.0 3.8
CH2 Quiet lounge 0.4 1.5 3.3
CH2 Comer lounge 5.2 13.0 2.5
CH4 Dining room 1.3 6.2 4.7
CH4 1st floor lounge 0.5 1.2 2.4
CHS Dining room/lounge 2.7 8.9 3.1
CHS 1st floor Dining room/lounge 2.2 5.8 1.0
CHS 2nd floor Dining room 1.1 4.3 3.8
CHS 2nd floor lounge 1.8 6.0 3.4
CH6 Dining room/lounge 2.8 14.0 5.2
CH6 1st floor Dining room 1.5 1.4 1.3
CH6 1st floor lounge 2.6 1.6 1.5
CH7 Dining room 1.4 4.2 2.9
CH7 1st floor Dining room 1.1 1.4 1.3
CH7 Lounge 0.9 1.6 1.8
CHS Dining room 0.1 0.3 3.5
CHS Activity lounge 0.6 2.0 3.5
In  5 out o f  20 room s there w as at least a 2-fold  increase in  m ean daily lux readings during 
the 4000 K  light condition com pared to the W O  condition. The greatest effect o f  the  4000 
K  light condition w as observed in the com er lounge in  CH 2 w hich had a 5 .2-fold increase 
in m ean daytim e luxm eter readings com pared to the W O light condition.
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3.4.2.3.2 Effect o f17000 K  light condition
A s expected the effect o f  the 17000 K  light condition on m ean daytim e lux readings w as 
m uch greater than that o f  the  4000 K  light condition com pared to W O. In ten  out o f  20 
room s there w as at least a  2-fold increase in  m ean daytim e lux readings during the 17000 
K  light condition com pared to the care hom es original lights during W O. This included 
the dining room /lounge in  CH6 w ith  a 14-fold increase and the com er lounge in  CH2 
w ith  a 13-fold increase in  m ean daytim e lux reading (17000 K  light condition com pared 
to W O). In three room s out o f  20 the m ean daytim e lux reading during the 17000 K  light 
condition was either the sam e (CH2 TV lounge) or low er than the W O light condition 
(C H I activity lounge and CH8 dining room ) (section 3.4.2.1.2).
Com pared to the 4000 K  light condition the m ean lux readings during the 17000 K  light 
condition increased at least 2-fold in  14 room s. The room s in  w hich the 17000 K  light 
condition had the greatest effect upon m ean daytim e lux readings com pared to the 4000 K  
light condition w ere the dining room /lounge in  CH6 (5.2-fold increase in  m ean daytim e 
lux reading) and the dining room  in  CH4 (4.7-fold increase in  m ean daytim e lux reading). 
There w ere no room s in w hich the 4000 K  light condition had a greater im pact upon the 
m ean daytim e lux readings com pared to the 17000 K  light condition. There w ere, 
however, tw o room s in  w hich there w as no difference in  m ean daytim e luxm eter readings 
betw een the 17000 K  and 4000 K  light condition. These w ere the garden lounge in  C H I 
(section 3.4.2.2.1) and the floor dining room /lounge CH5 (section 3.4.2.2.4).
3Â,2Â Daytime lux readings during the BL light condition
U nless otherw ise stated all reported results are taken  from  a m ean or m edian value 
recorded betw een 05:00 and 2 1 :00 h  w hich w ould cover the tim e spent by  residents in  the 
com m unal room s. M ean lux readings in  all room s (n =  20 room s) are presented in  Table 
2.19. and m edian lux readings are reported in  Table 2.20. M edian data w ere also analysed 
because the m ean data for the W O, BL and 4000 K  light conditions can be skew ed by 
factors such as daily changes in the w eather and the use o f  directional lighting (section
3.4.2.1). The m edian values gave the m ost accurate record o f  actual light levels especially  
as there w ere a num ber o f  outliers in these data sets. A dditionally  as a  consequence o f  
skewed data (caused by the artificial light falling directly  onto the H obo, Table 2.14), 
Hobo data from  5 out o f  the 20 room s (25% ) studied w ere not included for further
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statistical analysis (section 3.4.2.1.2) or as sum m arised data in section 3.4.2.9 and Table 
2.21. These room s w ere the activity lounge in  C H I, the TV lounge and quiet lounge in 
CH2, the lounge in  CH7 and dining room  in  CH8.
As expected the m ean lux readings recorded in  all room s during the BL and w ashout 
condition in  all care hom es during the day w ere m uch higher than those recorded in  the 
absence o f  natural light. O ut o f  a  total o f  20 room s, eight had m edian daytim e lux levels 
above 500 lux and 11 room s had m ean daytim e lux levels above 500 lux during BL. The 
low est recorded daytim e m ean and m edian lux level recorded in  a  room  w as 56 ±  25 lux 
and 44 ±  27 lux, respectively m easured in  the dining room /lounge in  CH 6 during BL 
(Septem ber).
CH4 had the low est set o f  m ean and m edian lux readings m easured (w hen care hom e 
room s w ere grouped together) during BL (m ean 263 ± 2 3 7  lux and m edian 103 ±  47 lux). 
The m edian value o f  2595 ±  3088 lux in  CH8 w as the highest recorded out o f  all care 
hom es w ith  the dining room  in CH8 having the h ighest m ean and m edian lux reading out 
o f  all care hom e room s (m ean 4493 ±  545 lux, and m edian 4779 ±  1435 lux).
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3.4.2.S Daytime lux readings during the 4000 K  light condition
During the 4000 K  ligh t condition five out o f  20 room s had m ean daytim e lux levels 
above 500 lux and three room s had m edian daytim e lux levels above 500 lux. The low est 
recorded daytim e m edian lux level recorded in  a  room  w as in the quiet lounge in  CH2 
(174 ±  56 lux) and the low est recorded m ean w as in  the dining room /lounge in  CH6 (196 
±  69 lux). The highest m ean and m edian lux reading m easured in  a  care hom e room  
during the daytim e w as in  the floor dining room  in CH 7 (m ean 1050 ±  345 lux and 
m edian 941 ±  327 lux).
W hen care hom e room s w ere grouped together CH5 had the low est m ean lux reading 
(281 ±  32 lux) recorded for the 4000 K  light condition and CH4 had  the low est m edian 
lux reading (205 ± 1 1  lux). CH 7 had the highest m ean and m edian lux reading out o f  all 
the care hom es (m ean 800 ± 3 6 6  lux and m edian 737 ±  269 lux).
3,4.2.6 Daytime lux readings during the WO light condition
O ut o f  a  total o f  20 room s, ten  had m ean lux levels above 500 lux during the W O  light 
condition and nine had m edian lux levels above 500 lux. The com er lounge in  CH 2 had 
the low est m ean and m edian lux reading out o f  all care hom e room s w ith  60 ±  41 lux and 
19 ±  26 lux, respectively. The highest m ean and m edian lux reading w as recorded in  the 
dining room  in CH8 in Septem ber (m ean 4447 ±  744 lux and m edian 4882 ±  1625 lux). 
W hen room s were grouped by care hom e, CH5 had the low est m ean lux reading (158 ±  
53 lux) and CH6 the low est m edian lux reading (92 ±  37 lux) during w ashout. CH8 had 
the h ighest m ean and m edian lux reading (m ean 2490 ±  2768 lux and m edian 2709 ± 
3073 lux) w hen room s w ere grouped by care hom e.
3.4.2.7 Daytime lux readings during the 17000 K  light condition
D uring the 17000 K  light condition all 20 room s had m ean and m edian daytim e lux levels 
above 500 lux. The highest m ean and m edian lux reading recorded in  an individual room  
during the 17000 K  light condition was in  the TV lounge in  CH2 (m ean 1658 ± 3 1 0  lux 
and m edian 1638 ±  369 lux). The low est m ean lux reading w as recorded in  the activity  
lounge in C H I (565 ±  265 lux). The low est m edian lux reading recorded in  an individual 
room  w as the floor dining room  in CH6 (567 ± 1 8 2  lux). W hen room s w ere grouped
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by care hom e the h ighest m ean lux reading w as recorded in  CH7 (1395 ±  320 lux) and the 
h ighest m edian lux reading w as recorded in  CH8 (1460 ±  95 lux). CH 6 had the low est 
recorded m ean and m edian lux reading w hen room s w ere grouped by care hom e w ith  855 
± 1 9 6  lux and 884 ±  275 lux recorded, respectively.
3.4.2.8 24 h lux profiles for all care home rooms
A lthough m ean and m edian lux readings sum m arised in  Table 2.19 and Table 2.20 are 
useful, they lack clarity o f  detail w ith  respect to changes over the 24 h  period. To address 
this Figures 3.13, 3.14, 3.15 and 3.16 present the m ean hourly lux readings during each 
light condition across a  24 h  period for all 20 care hom e room s.
The 24 h  lux readings reveal a  clearly increased lux level during the 17000 K  light 
condition com pared to all other light conditions in  11 (55% ) o f  the room s studied (Figure 
2.22 A, F, Figure 2.23 A, C, D , E, F, Figure 2.24 B, D, F, Figure 2.25 B). In  a  further four 
(20% ) room s the increase in lux level during the 17000 K  light condition com pared to  all 
other light conditions w as m asked by  the presence o f  natural light during the daytim e but 
w as still m uch higher during the early m om ing or evening (Figure 2.23 H, F igure 2.24 M , 
O and Q).
W hat was also apparent from  11 room s (55% ), w as the greater variability  in  m ean lux 
reading during the daytim e com pared to the evening regardless o f  light condition, 
em phasised by the greater SD in the daytim e com pared to the evening (Figure 2.22 B, E, 
Figure 2.23 B, C, D, E, F, Figure 2.24 A, C, E  and F). In three room s (15% ) w ith  very 
little natural light exposure (CH2 com er lounge, CH 6 lounge and CH 7 dining room ), this 
pattem  o f  24 h  SD variation w as not present (Figure 2.22 F, F igure 2.24 B and D).
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Figure 2.25: Mean ± SD 24 h Hobo lux profiles in CH8.
(A) CH8 dining room, (B) CH8 activity lounge.
Baseline ( ■ ) ,  4000 K light condition (?») washout («I) and 17000 K light condition ( ■ ) .
3.4.2.9 Overall effect o f light conditions during the daytime
The m ean lux reading recorded for the 4000 K  light condition (recorded during the day 
from 05:00 - 21:00 h) across all care hom e room s (n=15) w as 427 ± 2 4 1  lux (m ean ±  SD) 
with a range o f  196 - 1050 lux (Table 2.21). The overall m edian lux reading for the 4000 
K light condition (also recorded during the day from  05:00 - 21:00 h) w as 342 ± 1 9 8  lux 
(m ean ± SD). For the 17000 K  light condition the m ean recorded light levels across all 
room s was 977 ± 1 8 1  lux, w ith  a range o f  641 - 1356 lux. The m edian reading for the 
17000 K  was sim ilar to the m ean at 992 ± 225 lux. In com parison the m ean lux reading 
recorded across all care hom es for the care hom e original lights during the BL and W O 
conditions was 448 ± 287 lux (range 56 - 1063 lux) during BL and 355 ±  300 lux (range 
60 - 943 lux) for W O. The m edian (± SD) readings were 350 ± 268 lux for BL and 265 ± 
246 lux for W O.
There was a significant (Friedm ans 2 w ay A N O V A  w ith a pairw ise com parison) 
difference betw een the m ean rank o f  lux readings betw een the different light conditions 
(X^  (3) = 27.9, P < 0.001, n = 15). The effect o f  the 17000 K  light condition was a 
significant 2.8-fold and 2.2-fold increase in m ean light levels com pared to the care hom e 
original lights during the W O and BL light conditions, respectively (BL, Z = -3.5, SE = 
0.47, p = 0.002 and W O, Z = -5.1, SE = 0.47, p < 0.001). In addition there w as also a 2- 
fold increase in m ean light levels com pared to the 4000 K light condition (17000 K 
com pared to 4000 K, Z = 3.5, SE = 0.47, p = 0.002). The 4000 K  light condition w as not 
significantly higher than the W O or BL light conditions.
1 6 8
Table 2.21: Overall mean and median Hobo lux reading (05:00 - 21:00 h, n=15 rooms)
Total for all care home 
rooms (n = 15)
Overall mean 
±SD %CV Range
BL 448 ± 287 64 56 - 1063
4000 K 427 ± 241 56 196 - 1050
WO 355 ±  300 84 60 - 943
17000 K 977 ± 1 8 1 **AAA++ 18 641 - 1356
Total for all care home 
rooms (n = 15)
Overall mean 
median ± SD %CV Range
BL 350 ±  268 77 44 - 1023
4000 K 342 ±  198 58 180 - 941
WO 265 ±  246 93 19 - 804
17000 K 992 ± 225 **AAA++ 23 567 - 1393
n = number o f rooms used to calculate the data set (rooms not used in this calculation include the activity 
lounge in CHI, the TV lounge and quiet lounge in CH2, the lounge in CH7 and dining room in CH8), BL = 
baseline light condition, WO = washout light condition.
** p < 0.01 compared to BL; AAA p < 0.001 compared to WO; ++ p < 0.01 compared to 4000 K light 
condition.
There w as a significant difference betw een m edian lux levels in  the different light 
conditions (%^  (3) =  27.1, P <  0.001, n  = 15). The effect o f  the 17000 K  light condition 
w as a significant 3 .8-fold and 2.8-fold increase com pared to the  W O  and BL light 
conditions respectively (W O Z = -5, SE 0.47, p  <  0.001 and BL Z  =  -3.7, SE =  0.47, p = 
0.001). There w as also a significant 3-fold increase in  m edian lux levels during the 17000 
K  light condition com pared to the 4000 K  light condition (Z = 3.5, SE =  0.47, p =  0.002).
3.5 Discussion
The aim s o f  this chapter w ere tw o fold: one w as to assess the use and consistency o f  the 
experim ental lights; the second w as to assess the current lighting levels w ith in  the care 
hom e environm ent and how  this com pared once the experim ental lights had been 
installed. The light environm ent was assessed by m onitoring daytim e light levels (lux) to 
determ ine the contribution o f  natural light to  the care hom e environm ent and by 
m onitoring nighttim e light levels (lux) to  determ ine the contribution o f  artificial light to 
com m unal room s w ithin  the care hom es.
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3.5.1 Care home original light environment
3.5.1.1 Artificial lighting
A rtificial light readings, recorded after sundown, for the care hom e original lights during 
the W O were significantly low er than both the 17000 K  and the 4000 K  light conditions. 
A lthough the m ean (± SD) o f  60 ±  52 lux recorded (vertical plane) across all room s in  the 
study w as low, this w as not below  the recom m ended standards as they  currently  stand in 
the D epartm ent o f  H ealth ’s national m inim um  standards for care hom es docum ent (2000). 
Section 25.6 o f  this docum ent states “Lighting in  service users’ accom m odation m eets 
recognised standards (lux 150), is dom estic in  character, and includes table-level lam p 
lighting.” I f  150 lux is taken as a  m easurem ent in  the horizontal plane facing the light 
source (as is com m only m easured by lighting engineers), then 60 lux m easured in  the 
direction o f  gaze (vertical plane) w ould be an approxim ate equivalent value. H ow ever, 
the basis and reasoning for th is value o f  150 lux has to be called into question as the basic 
light requirem ents for older people are now  thought to  be 3 - 5 tim es higher than  that 
required for younger individuals (section 1.5.3.1).
In conjunction w ith  the low  m ean lux value for the care hom es original lights (60 lux) the 
standard deviation about the m ean (SD) w as h igh  (± 52 lux), w hich indicates that there 
was a  large variation in  the lux readings recorded w ith in  each room  (Table 2.10). This 
was highlighted w hen looking at the SD in  the context o f  the m ean by  looking at the 
% CV values for each room  in  each w eek during W O. A dditionally  data in  Table 2.12 
indicated greater variation betw een room s in  CH 2, CH7 and CH8 w ith  a % C V  o f  92% , 
55%  and 76% , respectively com pared to that in  C H I ,  CH4, CH5 and CH 6 w ith  a  % CV  o f  
12%, 39% , 34%  and 32% , respectively. A geing leads to  a  decrease in  the speed o f  light 
adaptation and deficiency in  visual acuity under low  illum ination (Jackson et al, 1999). 
For older individuals m oving in and out o f  room s the h igh variation  in  lux readings 
reported here (3 out o f  7 care hom es), betw een individual room s and non-illum inated 
corridors, could cause tem porary obscured v ision and lead to increased risk  o f  falls.
A lthough all the individual care hom e room s had ceiling m ounted lights, m any care 
hom es supplem ented this lighting w ith  w all m ounted lights and/or spot lights (Table 2.8). 
Som e care hom es prim arily  used these w all m ounted lights and spot lights as their m ain  
light source (C H I and CH2). A lthough these lights w ere very  bright they w ere also h ighly  
directional and illum inated only sm all areas, leaving other patches w ith in  a room  barely
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lit. This uneven artificial lighting w as the cause o f  the large SD w ith in  eaeh room  
com pared to the m ean lux value. This w as also the reason for the difference betw een 
Hobo readings taken  in  the absence o f  natural light and readings recorded w ith  a hand 
held luxm eter. A s m ultiple luxm eter readings w ere taken from  different positions around 
each room  an overall m ean and SD from  these luxm eter readings gave a  m ore accurate 
picture o f  the lux levels and variance w ithin a room . A  Hobo recording m ultiple readings 
from  a fixed position  w ill not give a true indication o f  the variation w ith in  a room  and 
was susceptible to  recording skew ed data because o f  directional artificial light. By 
rem oving H obos from  the data set w hich w ere m ost affected by  their proxim ity  to 
directional lighting, the rem aining H obos gave a  m ore accurate record  o f  the variation in 
lux readings over tim e.
3.5.1.2 Natural light
N atural light contributed on average a 6-fold increase in  lux readings recorded across all 
care hom es during the day com pared to n ighttim e readings (W O and BL Tables 3.6 and 
Table 2.21). A lthough this m ay seem  considerable, it w as subject to variability  dependent 
upon m ultiple factors. A s previously m entioned, in  the northern hem isphere, room s w hich 
have w indow s facing the south w ill be brighter than  room s w ith a northerly  aspect. N one 
o f  the room s in  this study had w indow s w ith  ju s t a  northern  aspect; how ever, five room s 
were faeing north  w est w hich w ould be expected to have low er light levels than  room s 
w ith  south faeing w indow s. W hen exam ining data obtained from  ju s t the w in ter m onths 
(BL or W O depending upon the care hom e), tw o o f  the room s had m ean m edian  H obo 
data that w ere badly  skew ed by  artificial lighting (C H I activity lounge and CH8 dining 
room , 1009 lux and 4882 lux, respectively) and w ere not analysed further and tw o room s 
had very low  m ean m edian lux data (CH7 and CH 4 dining room s, 81 lux and 70 lux, 
respectively). These findings w ere in  line w ith  w hat w ould  be expected, although a  th ird  
room  (C H I O xford lounge) had a very h igh m ean m edian lux reading (593 lux) w hich 
could have been caused by direct light detected at sunset. The three south facing room s 
did not show  higher m ean m edian lux readings com pared to the other room s, how ever, 
room s w ith a m ore southerly aspect i.e. south w est, south east and south facing room s 
show ed a trend o f  higher lux readings com pared to north  w est, north  east and east facing 
room s (Table 2.15). C aution has to be taken w hen considering th is trend because o ther 
confounding factors such as vegetation and neighbouring building proxim ity , w eather
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conditions and the size o f  the room s also played a  part in  the levels o f  natural light 
detected by the H obo during the w inter season. This w as the case in  CH 6 w here tw o out 
o f  the three south facing room s were shaded by vegetation w hich in  particular affected 
Hobo readings in  the ground floor dining room /lounge.
Seasonal differences in  m ean m edian daytim e lux readings w ere only observed in  room s 
betw een the 4000 K  light condition during the spring period (A pril) com pared to all other 
light conditions (Figure 2.20). A dditionally  a  trend could be seen betw een BL and W O  in 
the 15 room s analysed w here the m edian lux readings w ere alw ays higher w hen the light 
condition fell in  a  season w ith  a longer natural photoperiod. For exam ple in  CH5 the 
m edian BL (Septem ber) lux readings in  all room s w ere h igher than the m edian  W O (late 
October) lux readings. By contrast no difference or trend w as observed across seasons 
during the 17000 K  light condition, w hich w as likely to be due to the h igh artificial light 
levels.
Seasonal variation can thus m ake a difference to the lighting levels achieved in  com m unal 
room s in  care hom es except where there are bright artificial lights. A  com parison o f  
indoor light levels during the sum m er m onths com pared to the w inter m onths, how ever, 
w ould give a clearer indication o f  the m axim um  and m inim um  light levels possib le and 
the influence o f  natural light.
The presenee and direction o f  w indow s in  com m unal room s w as also a  significant factor 
along w ith the positioning and proxim ity o f  surrounding buildings and vegetation. This 
point was highlighted in  the one room  that w as used in  the study w hich had no ex tem al 
w indow s (CH2 com er lounge) and consequently had the low est daytim e lux readings 
recorded (m ean ±  SD 60 ±  41 lux, m edian 19 ±  26 lux).
3.5.2 Experimental light conditions
3.5.2.1 Summary o f light use and consistency
The percentage o f  use o f  the experim ental lights w as on average h igh w ith  the 4000 K  
lights being used for 94%  o f  the total possible tim e and the 17000 K  lights being used  for 
85%  o f  the tim e across all care hom es studied. The low er than  expected use o f  the  lights 
in  C H I ,  CH2 and CH 4 (4000 K  lights used for 90% , 88%  and 94%  o f  the days in  the  ligh t 
condition, respectively; 17000 K  lights used for 67% , 90%  and 59%  o f  the days in  the
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light condition, respectively) w as noted and the consequent in troduction o f  tim ing 
m echanism s in  CH 6, CH7 and CH8 definitely im proved how  often the lights w ere used 
(4000 K  lights used for 96% , 100% and 100% o f  the days in  the light condition, 
respectively; 17000 K  lights used for 100%, 91%  and 100% o f  days in  the light condition, 
respectively). The only exception w as in  CH5 w here tim ing m echanism s did no t appear to 
im prove light use (4000 K  lights used for 91%  o f  days and 17000 K  lights used for 83%  
o f  days in  the light condition). The low er light use in  C H I ,  CH2, CH4 and CH5 w as 
sym ptom atic o f  problem s that w ere im possible to solve and to anticipate. These included 
m aintenance w ork, pow er surges causing the RC D  to trip the lights out, and residents and 
s ta ff turning the lights off. Part o f  the difficulties o f  conducting a study in  a  real life 
situation is the level o f  control that can be m aintained for all variables studied. D espite 
these problem s the evidence provided by the H obos indicated that the level o f  use o f  the 
experim ental lights w as good and thus any increase in  light exposure in  participants 
detected during this tim e can (chapter 4) at least in  part be attributed to the experim ental 
lights.
The consistency o f  the experim ental lights from  w eek to w eek w as very  good w ith  48 out 
o f  60 light conditions (15 H obos during all 4 light conditions) in  total show ing no 
significant difference in  w eekly m ean lux. The rem aining 12 light conditions that were 
significantly different w ere caused by:
1) a  single faulty light in  the room s (CH2 quiet lounge and TV  lounge, CH 7 floor 
dining room )
2) variation due to rearranged furniture that consequently increased or decreased lux 
readings in  different areas (CH5 dining room /lounge and 1®^ floor lounge)
3) the use o f  lights in surrounding room s (CH2 com er lounge and quiet lounge)
4) in  one incidence the dim m er sw itch accidentally  being low ered (CH8 activity  
lounge)
5) lights being used for the first tim e and readings being recorded for the  first tim e 
(C H I activity lounge and Oxford lounge)
The level o f  lux variation during the 4000 K  light condition at night (6 - 29%  CV) w as 
consistent and low  from  w eek to w eek and room  to room  (Table 2.10). This w as also true
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o f  the 17000 K  lights (8 - 35%  CV) especially w hen com pared to  the range o f  the W O 
light condition (22 - 269% ). The overall % CV  calculated from  the m ean and SD o f  all 
room s (Table 3.6) w as also low  for the 4000 K  (16%  CV) and 17000 K  (14%  CV) light 
conditions indicating that that there w as low  variation betw een m ean lux readings 
recorded in  the room s in  different care hom es during the light conditions.
3,5,2.2 Effect o f  the 4000 K  lights
A lthough overall the m ean lux reading achieved during the 4000 K  light condition was 
significantly h igher at night (195 lux) w ith  a  3-fold increase com pared to the care hom es 
original lights (W O condition 60 lux), th is difference w as not statistically  significant for 
lux readings recorded across the daytim e (05:00 to 21:00 h). N onetheless the care hom e 
original light environm ent show ed a m uch greater variability in  lux readings recorded 
w ithin individual room s, as seen in the nighttim e recordings, as w ell as over tim e seen in 
the daytim e H obo data. A s the care hom e artificial lights w ere dim m er than  the 4000 K  
lights there w ould be greater variation during the daytim e as daily  changes in  w eather 
conditions w ould create a  greater range in  lux readings.
The original intended purpose o f  the 4000 K  light condition w as to  create a  control light 
condition that w ould be sim ilar to the care hom e original lights. H ow ever in  reality  the 
light environm ent in  the care hom es studied w ere considerably different. The original 
care hom e lights w ere not evenly distributed throughout the com m unal areas leaving 
brighter and darker patches w ith in  the room s. Subsequently the 4000 K  lights becam e a 
third light condition, in  w hich the light w as evenly distributed throughout the room , w ith  
a  low er lux level than  the 17000 K  light condition.
3.5.2,3 Effect o f the 17000 K  lights
In contrast to the 4000 K  light condition, the 17000 K  light condition had significantly  
higher m ean lux readings at night (W O com pared to 17000 K  p <  0.001) and during the 
day (W O com pared to 17000 K  and BL com pared to 17000 K  p <  0.001) com pared to  the 
m ean lux readings recorded w hen the care hom e original lights w ere on. This w as a 2-3- 
fold increase com pared to the daytim e lux readings and a 15-fold increase com pared  to 
the evening lux readings.
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W hen all the care hom es w ere grouped together the m ean and m edian lux readings 
recorded from  the H obos for the 17000 K  light condition w as 977 lux and 992 lux 
respectively during the daytim e (Table 2.21). The fact that the m ean and m edian readings 
w ere close indicates that overall the 17000 K  light condition w as not as affected by 
outliers and that the sam pled data follow ed a G aussian distribution. The significance o f  
this is that the 17000 K  artificial light (set at -1 0 0 0  lux) had a greater effect on  the room  
light levels than  natural light. These results are supported by the coefficient o f  variation 
(CV) during the 17000 K  light condition (daytim e data) w hich w as 18% (for the m ean 
data) and w as the low est recorded out o f  all the light conditions (Table 2.21). In 
com parison the 4000 K  light condition (set at -2 0 0  lux) had a higher coefficient o f  
variation at 56%  indicating that the room  lighting w as m ore influenced by natural light. 
This w as certainly the case during the BL (m ean 448 lux, m edian 109 lux and % CV  64% ) 
and W O conditions (m ean 355 lux, m edian 166 lux and % CV 84%).
In this study 14 out o f  the 20 com m unal care hom e room s had m ean lux readings low er 
than the m ean value o f  60 lux at night. A s explained previously this value can be 
considered to be the equivalent to  the D epartm ent o f  H ealth’s m inim um  standards (2000) 
in care hom es (150 lux, w hen m easured in  the horizontal plane) w hich m eans that at night 
70%  o f  the room s did not reach this standard for lighting. D ue to  a  lack o f  data on th is 
subject in the UK , currently no com parisons can be m ade. Research conducted in  54 care 
hom es in the U SA  (Sloane et al, 2000), how ever, found that care hom e lighting w as 
either inadequate or barely adequate in  only 17% o f  care hom es. In  th is study light 
readings w ere com pared to m inim um  standards set out in  the lE SN A  RP-28-98 docum ent 
(Illum inating Engineering Society o f  N orth  A m erica) w hich w as later adopted by  the 
A m erican Standards Institute and called the A N SI/IESN A  (lE SN A  2001). The m inim um  
standards (300 lux m easured 0.76 m  from  the ground in  the horizontal plane) are tw ice 
the level recom m ended in the U K  for am bient lighting in  activity areas and alm ost three 
tim es higher for task  lighting in  such room s (500 lux).
D uring the 17000 K  light condition in  th is study, m ean lux readings recorded during the 
day and night in com m unal room s m ore than  m eet the m inim um  requirem ents o f  the 
A N SI/IESN A  2001 national standard for vertical m easurem ents (646 lux) o f  task  lighting 
as w ell as the adapted standard (British Standards Institution, 2003) o f  750 lux 
recom m ended by De Lepeleire et al (2007). In the D e Lepeleire et a l  study (2007), due 
in part to the lack o f  m inim um  requirem ents in the EU  for lighting in  care hom es, the
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m inim um  light level from  the w ork place (2003) w as used and increased by  55%  for older 
people. A lthough it is unclear w hether lux readings w ere recorded in  the horizontal or 
vertical axis in  this study, this w as still low er than  the lux readings recorded in  16 out o f  
20 room s in  the current care hom e study during the 17000 K  light condition.
To sum m arise, the findings in  this study suggest that natural light w as the predom inant 
light source in  w hich room  lighting in  care hom es, as it stands, reach m axim um  lux 
levels. R oom  light levels w ere also dependent upon the variables o f  season, w indow  
aspect and w eather conditions. The original artificial lighting in  the care hom e com m unal 
room s, provided a dim  and often variable light source that w as inadequate for the 
physiological needs o f  older people. The provision o f  the 17000 K  h igh lux level lights in 
this study decreased illum ination variance w ith in  room s and becam e the predom inant 
light source over a  m ore sustained period, in  w hich room  lighting reached m axim um  lux 
levels. This effect o f  the 17000 K  lights w as m ost prom inent in  room s w here the w indow  
aspect w as northern and w as evidenced by  the lack o f  a  m idday peak  in  lux level in  the 24 
h  profiles com pared to the care hom es original light conditions.
Due to a  short natural photoperiod during the w inter m onths in  the U K  and the h igh 
num ber o f  overcast days, it w ould be sensible to p lan  building design to m axim ise natural 
light levels. H ow ever, the cost o f  retro fitting older buildings to increase natural 
illum ination m ay be too m uch for som e care hom e facilities. Increasing artificial light 
levels as featured in  th is study m ay be the m ost efficient w ay to achieve im proved overall 
illum inance that has a  greater level o f  control and is no t affected by seasonal and clim atic 
variation.
3.5.3 Limitations of the study
There w ere som e lim itations to this part o f  the study w hich w ill also be discussed in  m ore 
detail in  the final chapter (chapter 6).
Firstly, although the lux levels achieved using the experim ental lighting w ere consisten t 
and varied little betw een study room s, the contrast betw een illum ination in  the study 
room s and non-study room s could not be controlled. This m eant that an o lder person  
m oving betw een a study room  and a non-study room , especially during the 17000 K  ligh t 
condition w hen the lux reading w as -1 0 0 0  lux, could potentially  be tem porarily  b linded
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w hile their eyes adjusted to the low er light levels. H ow ever, th is w as not a  com plaint 
from  the care hom e residents. This contrast betw een study room s and non-study room s 
could also have been uncom fortable for s ta ff that m oved m ore regularly  betw een the 
study room s and non-study room s. Furtherm ore the fact that not all the room s in the care 
hom e had the experim ental lights installed could m ean that som e study participants w ere 
only exposed to the experim ental light for short periods o f  the day. This w ill be discussed 
further in  chapter 4.
Secondly because five o f  the H obos w ere prim arily  affected by  the proxim ity  o f  
directional lights there w ere no reliable data on the daytim e lux levels during the W O or 
BL conditions in  five room s. Thirdly because one o f  the care hom es dropped out before 
starting the study (CH3), there w as an im balance in  the num ber o f  room s studied in the 
w inter to spring seasons (3 care hom es) com pared to autum n and w inter (4 care hom es). 
The reduced sam ple num ber m ay explain w hy no significant difference w as found 
betw een daytim e lux readings in  conditions w ith  different natural photoperiods.
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CHAPTER FOUR 
MONITORING INDIVIDUAL 
LIGHT EXPOSURE
4 Monitoring individual light exposure
4.1 Introduction
Light is an im portant factor to  consider in  term s o f  daily functioning, health  and w ell 
being o f  older individuals (section 1.6). The retina in  the eye o f  an average 60 year old 
w ill receive a th ird  o f  full spectrum  light com pared to  an average 20 year old (section
1.5.3.1). M ore specifically lens transm ittance decreases at 460 nm  (W eale, 1985) (the 
range o f  the visible spectrum , that has the greatest effect on  the circadian system  is 440 - 
480 nm ) and lens density at 400 nm  increases by 0.12 density units per decade betw een 
20 and 60 years o f  age (Pokom y et al, 1987). This, coupled w ith  the form ation o f  
crystalline aggregates in  the lens that increase the scattering o f  light (Jedziniak  et al, 
1975), are all factors that are part o f  the norm al ageing process.
Poor gait, postural stability and an increased risk  o f  falls are also associated w ith  poor 
visual quality (Lord et al, 1991; Brooke-W avell et al, 2002; M iceli, 2005) especially  
w ithin poorly lit environm ents. Individuals over the age o f  75 years m ake up 64%  o f  
b lind and 66%  o f  the partially  sighted population in  England (The N H S H ealth  and Social 
Care Inform ation Centre, registered blind and partially  sighted people docum ent year 
ending 31®^  M arch 2008); percentages that have slightly decreased in  the past ten  years. 
The total num ber o f  registered partially  sighted people above 75 years, how ever, has seen 
a  2.5-fold increase since 1982, an increase that w ould be expected in  a  country w ith  a 
grow ing ageing population. A  potential consequence could be an increase in  the incidence 
o f  falls and accidents am ong older people (especially those) w ith  poor quality  vision. 
Therefore suitable preparations to im prove the living environm ent o f  older people could  
help to alleviate the incidence o f  falls and accidents. O ne sim ple approach could be the 
im provem ent o f  the indoor light environm ent to  better suit the needs o f  th is population  
(chapter 3).
B esides the requirem ent for visual functioning, light is the m ajor zeitgeber for circadian 
phase entrainm ent in  hum ans (section 1.2). In older adults there is a  reduction in  non ­
im age form ing responses to short w avelength light, w hich the circadian system  is m ost 
sensitive to (section 1.5.3.1). These include an attenuated acute light-induced suppression 
o f  m elatonin (H erljevic et al, 2005), a  reduced subjective alerting effect (S letten et al, 
2009) and reduced am plitude o f  PER2 expression (Jud et al, 2009). It is also possib le  that
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these alterations could be due to age-related changes in  the SCN (e.g. reduced am plitude 
in  the expression o f  AV P expressing neurons w ith in  the SCN (H ofm an and Swaab, 2006) 
or an uncoupling betw een the SCN and the output pathw ays. A nother cause could be a 
dim inished light input signal due to age-related deterioration in  optical health  and a 
reduction in the tim e spent in  bright light conditions.
H igh lux exposure levels have been show n to help alleviate som e o f  the sym ptom s o f  
dem entia (Lovell et al, 1995; V an Som eren et al, 1997; A ncoli-Israel et al, 2003a; 
Fetveit and Bjorvatn, 2005; R iem ersm a-van der Lek et al, 2008). These studies using 
light supplem entation for elderly care hom e residents have found im proved rest activity 
rhythm s, increased sleep consolidation, attenuated deterioration in  cognition and reduced 
daytim e nap duration.
A lthough the results are encouraging, these studies have their lim itations (section 1.6.3.2). 
Previous studies that have used an overhead form  o f  light supplem entation (m ore 
applicable to a  real life situation) in  care hom e com m unal room s, have m easured lux 
intensities w ithin the room s, but not addressed specifically individual light exposure (V an 
Som eren et al, 1997; Sloane et al, 2005; Sloane et al, 2007; R iem ersm a-van der L ek  et 
al, 2008; V an H o o f et al, 2008; V an H oof et al, 2009).
Earlier studies that have looked at the effect o f  bright light upon  elderly care hom e 
residents and specifically m easured individual exposure, only sam pled three to  seven days 
o f  light data (A ncoli-Israel et al, 1997; Shochat et al, 2000). A dditionally  these studies 
w ere conducted in  the San D iego (USA) area, w hich has longer hours o f  sunshine per 
year and m ore daylight hours during the w inter com pared to m ore northern  latitudes. 
A lthough the results o f  these and other studies indicate that older people spend less tim e 
on average in  bright light conditions com pared to younger people (C am pbell et al, 1988; 
Espiritu et al, 1994; M ishim a et al, 2001), this difference could be m ore pronounced  in 
m ore northerly  latitudes, such as the UK, w hich has tw o hours o f  sunshine per day on 
average in the w inter (M etO ffice 2010a) com pared to eight hours per day in  C alifornia 
(M etO ffice 2010b) and has a  m uch shorter day-length during w inter.
To date no research has quantified the level o f  light exposure o lder individuals receive 
from  artificial overhead light supplem entation, over a  period o f  m onths com pared to the 
“norm al” lighting levels provided in care hom es.
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4.2 Aims and Hypotheses
The aim  o f  th is study w as to com pare individual light exposure during the w ashout (W O), 
baseline (BL), 4000 K  and 17000 K  light conditions in  each care hom e using data 
gathered from  the A ctiw atch-L  (A W L) activity and light m onitors w orn  continuously by 
the participants. To achieve this, the light data for all participants w ere analysed by 
looking at:
1- The m ean tim e (m inutes) spent in  light levels (lux) above a  m inim um  threshold
2- The m edian light level (lux) m easured across each 24 h  period for 12 w eeks
The lights for the 4000 K  and 17000 K  light conditions were set at different lux levels 
(200 and 1000 lux, respectively) and subsequently, to estim ate the tim e spent under the 
lights, various lux threshold  values w ere established. The 100 lux threshold  w ould 
discrim inate betw een the m inim um  tim e participants spent under the 4000 K  lights. The 
500 lux threshold w ould discrim inate betw een the m inim um  tim e participants spent under 
the 17000 K  lights and the 1000 lux and 2000 lux threshold w ould discrim inate betw een 
tim es spent in natural day light.
The light data collected by the A W Ls w ere assessed w ith  the aim  to:
1- D eterm ine the m ean tim e per day (m inutes) spent in light > 1 0 0  lux for each  light 
condition
H ypothesis 1: There w ill be no difference in  m ean tim e per day spent above 100 
lux betw een the different light conditions.
2- D eterm ine the m ean tim e per day (m inutes) spent in  light > 5 0 0  lux for each  light 
condition
H ypothesis 2: There w ill be a  difference in  m ean tim e per day spent above 500 lux 
betw een the different light conditions; m ore tim e per day > 500 lux w ill be spent 
during the 17000 K  light condition.
3- D eterm ine the m ean tim e per day (m inutes) spent in  light > 1000 lux for each 
light condition.
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H ypothesis 3: There w ill be no difference in  m ean tim e per day spent above 1000 
lux betw een the different light conditions.
4- D eterm ine the m ean tim e per day (m inutes) spent in  light > 2000 lux for each 
light condition
H ypothesis 4: There w ill be no difference in  m ean tim e per day spent above 2000 
lux betw een the different light conditions.
5- Establish m edian w aking-hour (07:00 -  23:00 h) individual lux readings during 
each light condition
H ypothesis 5: There w ill be a  difference in the m edian individual light readings 
betw een different light conditions, w ith  the 17000 K  light condition having the 
greatest lux readings.
4.3 Methods
Capable residents, that w ere asked to participate in  this study at levels 2 or 3, w ere given 
a w rist w orn A W L and an  additional A W L around the neck as a pendent. A lthough it w as 
hoped that the neck w orn A W L w ould provide m ore accurate light data, being closer to 
the direction o f  gaze m ost residents (78% ) only rem em bered to  w ear the  w rist AW L. 
Consequently only w rist w orn A W L data have been analysed and w ill be d iscussed here.
The follow ing sections w ill describe in  detail the participants recruited  from  the care 
hom es that w ore an AW L, along w ith the m ethods by w hich individual light exposure 
data w as collected and analysed during the tw elve w eeks o f  the study.
4.3.1 Participant demographics
A s stated previously, as m any care hom e residents (over 60 years o f  age) as possib le w ho 
w ere w illing, w ere recruited to the study (chapter 2). O ut o f  the 80 participants w ho 
originally jo ined  the study, 73 (eight m ale and 65 fem ale; average age (±SD ) 86 ±  7 
years) w ore an A ctiw atch - L  (AW L). Table 4.1 sum m arises the num bers o f  participants 
that w ere originally given an A W L to  w ear in  each care hom e (also sum m arised are the 
num ber o f  m ales and fem ales, the average age and the average M M SE  score o f
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participants). This table also sum m arises the participants for w hom  A W L light data 
analysis w as perform ed in  each care hom e (n =  49). This num ber w as low er than the 
original num ber o f  participants w earing A W Ls because o f  the poor quality (e.g. the A W L 
not w orn) o f  som e o f  the A W L data, and som e participants returning the A W L before 
com pleting the full study.
Table 4.1: (A) Participants (n = 73) originally wearing AWLs; (B) Participant (n = 49) AWL data 
used for light data analysis
(A)
Participants 
originally wearing M ean MMSE
Care home AWLs Mean age ± SD male female Score ± SD
CHI 10 87 ± 3 0 10 18 ± 6
CH2 6 80 ± 9 2 4 22 ± 5
CH4 13 88 ± 6 0 13 20 ± 6
CHS 16 84 ± 8 3 13 16 ± 5
CH6 10 87 ± 4 0 10 20 ± 6
CH7 7 85 ± 8 1 6 11 ± 6
CHS 11 86 ± 11 2 9 23 ± 5
Total 73 86 ± 7 8 65 19 ± 6
(B)
Care home
AWLs used for 
light analysis Mean age ± SD male female
M ean MMSE  
Score ± SD
CHI 5 87 ± 3 0 5 21 ± 9
CH2 5 79 ± 10 2 3 24 ± 4
CH4 11 87 ± 6 0 11 21 ± 6
CHS 12 83 ± 9 2 10 17 ± 6
CH6 8 87 ± 5 0 8 19 ± 6
CH7 3 87 ± 6 0 3 9 *
CHS 5 82 ± 15 1 4 25 ± 4
Total 49 85 ± 8 5 44 20 ± 6
* only one participant complete the MMSE.
In total data from  49 participants w ere used  for light analysis; five m ales and 44 fem ales, 
age 85 ±  8 years (m ean ±  SD). In C H I five participants (all fem ale, m ean ±  SD age 87 ± 
3 years) and in CH 2 five participants (two m ale and three fem ale, age 79 ±  10 years) had 
their A W L light data analysed. A W L data from  eleven participants (all fem ale, age 87 ±  6 
years) in CH4 w ere analysed, from  CH5 tw elve (two m ale and ten  fem ale, age 83 ±  9 
years) and from  CH6 eight (all fem ale, age 87 ±  5 years) w ere analysed. In CH 7 ligh t data
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analysis was performed on the AWL light data of three participants (all female, 87 ± 6 
years) and in CH8 five participants (one male, four female, age 82 ± 15 years) were 
analysed.
The reasons for the exclusion of data from 24 participants (presented in Table 4.2) are as 
follows: fifteen participants were not well enough to continue wearing the AWL or no 
longer wanted to wear it, six participants had too much missing data from not wearing the 
AWL often enough, i.e. missing all weeks of data from 4000 K, WO or 17000 K light 
condition, one AWL was faulty and did not record light data, and data from two AWLs 
could not be calibration adjusted as they were misplaced by the participants.
4.3.L1 MMSE
The MMSE is a cognitive ability examination that was used in this study to provide a 
brief, standardized assessment of mental status (section 2.2.1.3). Out of a total possible 
score of 30, a score of 23 and below indicates a cognitive dysfunction. All MMSE scores 
were obtained from BL weeks before the experimental lights were used except CH4S14 
and CH5S01. For these participants (n = 2) the MMSE score obtained during week three 
of WO was used. A total of 80% (n = 39) of AWL wearing participants were able to 
complete the MMSE (Table 4.3). Of the remaining participants that did not complete the 
MMSE, five (10%) were visually impaired and four (8%) lacked sufficient 
communication.
The mean MMSE (± SD) score of the study population (n = 39) whose AWL data was 
analysed was 20 ± 6. When grouped by care home, the participants in CH8 and CH2 had 
the highest mean MMSE scores of 25 ± 4 and 24 ± 4, respectively. Participants in CHI 
and CH4 had mean scores of 21 ± 9  and 21 ± 6, respectively. The participants in CH6 
scored 19 ± 6 and the participants in CH5 scored 17 ± 6. Although AWL light data from 
three participants was included from CH7, only one participant was physically able to 
complete the MMSE and had a score of nine.
For classification purposes, the authors of the MMSE (Folstein et al, 1975) recommend 
the following cut off levels: normal cognitive function = 27 - 30, mild cognitive 
impairment = 21 - 26, moderate cognitive impairment = 1 1 -2 0 , and severe cognitive 
impairment = 0 -1 0  (section 2.2.1.3). Out of all the participants with analysed AWL data
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(n = 49, n = 39 with a BL MMSE score), eight (21%) had normal cognitive function (27 - 
30), 11 (28%) had mild cognitive impairment (21 - 26), 16 (41%) had moderate cognitive 
impairment (11- 20) and four (10%) had severe cognitive impairment (0 - 10).
Table 4.2: Breakdown of excluded participant (n = 24) AWL light data
Participant a w l  Missing Faulty Uncalibrated 
code returned data AWL data *
CH1S02 y
CH1S03 y
CH1S05 y
CH1S06 y
CH1S07 y
CH2S03 y
CH4S01 y
CH4S03 y
CH5S02 y
CH5S05 y
CH5S09 y
CH5S20 y
CH6S01
CH6S06 y
CH7S04
CH7S05
CH7S09 y
CH7S10 y
CHSSOl y
CH8S02 y
CH8S03 y
CH8S04 y
CH8S06 y
CH8S11 y
Total 15 6
*AWLs were lost and could not be
y
y
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Table 4.3: Demographics o f participants (n = 49) with analysed AWL light data
Participant
code A ge Gender
M M SE
score
V issu a ly Limited
communication
c m s o 4 87 f 10
C fflSO S 88 f 28
C ff lS 0 9 83 f 17
C fflS lO 85 f 27
c m s i i 91 f ND ✓
C H 2S05 89 f 21
C H 2S07 80 f 20
C H 2S08 71 m 29
C H 2S09 68 m 25
C H 2S10 89 f 24
C H 4S02 93 f 25
C H 4S04 94 f ND ✓
C H 4S05 80 f 15*
C H 4S06 87 f ND ✓
C H 4S07 87 f 14*
C H 4S08 88 f 12*
C H 4S09 80 f 22
CH4S11 91 f 27
C H 4S12 89 f 17
C H 4S13 75 f 29
C H 4S14 94 f 24 +
CHSSOl 81 9 +
C H 5S04 82 f 17
C H 5S06 67 f N D ✓
C H 5S07 84 f ND ✓
C H 5S08 74 f 24
C H 5S10 83 f -
CH5S11 76 f 14
C H 5S12 97 f 9
C H 5S13 93 f 15
C H 5S14 75 f 19
C H 5S16 89 ND ✓
C H 5S18 90 26
C H 6S02 92 f 17
C H 6S03 84 f 11
C H 6S04 90 f 20
C H 6S05 94 f 28
C H 6S07 80 f 15
C H 6S08 87 f ND ✓
C H 6S09 82 f 27
C H 6S10 85 f 18
C H7S01 93 f ND ✓
C H 7S07 86 f 9
C H7S11 82 f ND ✓
C H 8S05 89 f 22
C H 8S07 59 f 20
C H 8S08 75 f 29
C H 8S09 96 f 26
C H 8S10 90 m 26
Mean ±  SD 8 5 ± 8 2 0 ± 6
Total 49 5 m ,4 4 f 39 5 4
Max 97 29
Min 5 9 9
% o f total 10%  8%
*: participants unable to write. +: participants MMSE score measured during week three o f WO not from 
BL, ND: no data, - : refused to complete the MMSE.
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4.3.2 Actiwatch-L set up method and calibration
Before the study began all AWLs were fitted with a new battery, set up to record at one 
minute epochs and given a file name of the participant’s code along with a letter 
corresponding with the week of the study. As an example CH1S04WA would be 
participant CH1S04 during week one. The W stands for wrist worn AWL. The time and 
date that the AWLs were given to participants was recorded, in order to aid editing of 
data for analysis.
The dependence upon the wrist worn AWL for light data meant that at the beginning and 
each week throughout the study, participating residents were asked not to cover the AWL 
(light sensor) with clothing. To minimise the risk of AWLs being mixed up and to easily 
identify them, all AWLs were labelled with the participant’s code.
To calibrate the light sensors on the AWLs, a broad range of lux levels recorded by the 
AWL were compared to lux levels measured with a calibrated powermeter (section 2.5.2) 
From this a calibration curve could be created to determine the actual lux level recorded 
by the AWL. Due to inherent variation in the AWLs, the data from each AWL was 
individually adjusted before data analysis commenced (section 2.9.3).
4.3.2.1 Weekly Actiwatch-L checks
Each week the AWLs were removed from the participants to download the data. The time 
and date of the removal was recorded before returning it to the resident so that this 
downloading period could be removed during data analysis. The weekly download was an 
essential way to check that the participants were wearing the AWL and that they had not 
been lost. In addition, it minimised the risk of loosing large segments of data if the AWL 
had gone missing.
4.3.3 Observations
As described in chapter 2, all residents participating in the study were observed once a 
week, four times that day. Participant’s location and their activity were recorded at 9:00 
h, 11:00 h, 14:00 h and 16:00 h. If a participant was absent or could not be found, this 
was also recorded. The purpose of the observations was to estimate the time spent by the 
residents in the rooms with the experimental lights.
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4.3.4 Data analysis
Participants that started the study late or had missing BL data had their remaining light 
condition data included for descriptive statistics (section 4.4.2 and 4.4.4.1) (Figure 4.2 to 
Figure 4.6 and Figure 4.8 to Figure 4.10), although they were later discarded for statistical 
tests between different light conditions (section 4.4.2.1 to 4.4.3.1 and 4.4.4.2) Statistical 
tests were conducted upon 44 participants in total.
AWL files were joined with other AWL files to produce a single file for each light 
condition: 17000 K (blue-enriched high colour temperature polychromatic light), 4000 K 
(low colour temperature polychromatic light), baseline or washout lighting (BL and WO, 
care homes original lights). The light data analysis then followed two forms, a) to 
determine the time that participants spent in light levels above a predetermined set of 
threshold values for each light condition, b) to determine the median daily lux reading for 
all participants in each light condition.
4.3.4.1 Time spent in different light levels
Different lux threshold values were chosen to correspond with the minimum lux level an 
individual could be exposed to if they sat in one of the study rooms during each light 
condition. Time spent in light levels above 100 and 500 lux were expected to correspond 
with the minimum light exposure from artificial light, whereas time spent in lux levels 
above 1000 and 2000 lux were expected to correspond with the minimum light exposure 
from natural light.
The 500 lux threshold value was chosen because data gathered would discriminate 
between the minimum time participants spent (in the rooms with the experimental lights) 
under the 17000 K lights compared to the 4000 K, BL and WO light conditions. The 
17000 K lights were set at -1000 lux at 1.6 m from the ground (average head height), 
measured vertically (in the direction of gaze). As lux measurements at varying distances 
from the point source follow the inverse square law (section 3.3.2) and the position of the 
AWL on a participant’s wrist was approximately half the distance from head height, 500 
lux seemed the most appropriate threshold to select.
The 100 lux threshold was selected to estimate the minimum time participants spent (in 
the rooms with the experimental lights) under 4000 K lights. The 4000 K lights were set
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at -200 lux at 1.6 m from the ground and thus 100 lux corresponds with lux levels 
measured at the wrist during this condition. To examine the contribution of time in 
natural light, time above threshold values of 1000 lux and 2000 lux were also analysed.
Due to the BL and WO light conditions having the same artificial light but occurring 
during different times of the year, an effect of natural photoperiod (season) was also 
investigated. Data from either the BL or the WO light condition were separated into 
groups of long or short natural photoperiod. This meant that BL data from CHI, CH2, 
CH5 and CH6 were put into the long natural photoperiod group and the WO data from the 
same care homes put into the short natural photoperiod group. The BL data in CH4, CH7 
and CH8 were put into the short natural photoperiod group and the WO data into the long 
natural photoperiod group.
The sleep analysis software (section 2.9.3.1) was used to set the threshold lux value for 
each joined (edited) AWL file. The data for time (minutes) spent above the threshold 
(lux) for each day (24 h) in that file was then exported to Excel so that mean values for 
each week could be determined. At this stage, days where the watch had not been worn 
were removed.
4.3.4.1.1 Statistical analysis
To test for a Gaussian distribution of the time in light (time above threshold values) data 
set, a Shapiro-Wilk normality test was used SPSS version 18 (IBM Corporation, Armonk, 
New York, United States). The majority of weeks when participant’s data were grouped 
by care home reached significance (p < 0.05), which signified that the sampled data did 
not follow a Gaussian distribution. The Shapiro-Wilk normality test also revealed that the 
light condition grouped data did not follow a Gaussian distribution. Consequently non- 
parametric statistical tests were used to compare differences between weekly mean time 
in light and the condition mean time in light, on a care home level and when all study 
participants were grouped together.
When all participants were grouped together, differences between the mean time exposed 
to light in each light condition were compared using Friedman’s 2-way analysis of 
variance of ranks (non-parametric test) with a pairwise comparison (SPSS version 18). 
This was calculated for all four lux threshold values. The same statistical analysis was
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used to compare mean time under lights (for each lux threshold) in each light condition 
when participants were grouped by care home.
To make comparisons between the effect of photoperiod for WO and BL light conditions, 
a Wilcoxon matched pairs signed ranks test (SPSS version 18) was used and mean and 
SD values determined for both groups for all threshold values investigated.
43,4.2 Median light exposure across the day
As described in the previous chapter (section 3.4.2.1), light data are often skewed, due to 
a multitude of factors. Previous studies have reported AWL light data using the median 
because of the skewed nature of the mean light data in older populations (Ancoli-Israel et 
al, 1997; Shochat et al, 2000). Light data in this study was thus analysed by taking the 
median lux values across each day and determining the mean of these daily median lux 
values for each light condition. This gives a more accurate indication of the central 
position of the data set which is less affected by outliers.
The process of preparing and editing AWL data described previously (section 2.9.2.1) 
was also applied to the data used for median light exposure data analysis. However, in 
order to determine the lux level, zero values had to be excluded from the data set, to 
minimise skewness of the data set. The zero values arose from the AWL being worn 
under a participants’ sleeve and was highlighted in an actigram where there was 
actigraphy data but no light data. To solve this problem, a SAS (Statistical Analysis 
Software version 9.2, SAS Institiute, Cary, North Carolina, United States) code was 
written by Mr Peter Williams to remove all the zero lux data points between 07:00 h and 
23:00 h and determine the mean, the range and the median of the data set in an output 
Excel file.
4.3.4.2.1 Statistical analysis
Since the light data was not normally distributed, a Friedmans 2-way analysis of variance 
of ranks (non-parametric test) with a pairwise comparison was used to compare 
differences between lux readings measured in each light condition when all participants 
were grouped together. The same statistical analysis was used to compare lux readings for 
each light condition when participants were grouped by care home.
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4.3.4.3 Observation data
Observational data were collated and coded depending upon the participant’s location at 
the time of the observation and their activity (section 2.2.1.1). Activities at the time of the 
four daily observations were grouped into one of eight categories: sitting, watching the 
TV or listening to the radio, using a computer or doing puzzles, reading, participating in 
an organised activity, talking to people, eating and napping. Participant’s location at the 
time of the observation included codes for the following categories: in the lights, not in 
the lights, in their own rooms, in the garden, absent or cannot find. Other categories 
included in bed sleeping, in bed not sleeping and wandering.
Out of 35 coded categories, seven covered the time spent awake in the lights. During each 
light condition, the fraction of the total observations in which participants were awake in 
the lights was determined. Additionally the number of absent, cannot find and in the 
garden observations were also established. Although limited to a sample of one day per 
week, the observational data (from the 7 coded categories) provided an estimate of the 
time that participants spent throughout the study in the communal rooms with the 
experimental lights. For each light condition the total number of the 7 codes was 
determined as a fraction of the total number of observations. This was then correlated 
with the time above lux threshold data (section 4.3.4.1) for each light condition, using a 
linear regression curve. The aim of this was to determine if greater time spent in the 
communal rooms was a predictor of greater time per day spent in light levels > 100, > 
500, > 1000 and > 2000 lux.
4.4 Results
4.4.1 Time spent in light - participant examples
The light data that were captured by the AWL worn by the participants in the study were 
not always consistent between different participants. Figure 4.1 A and B illustrates two 
participants from the same care home, CHI, that consistently wore the AWL throughout 
all weeks of the study. The time (mean ± SD) that CHI SI 1 (Figure 4.1 A) spent in light 
levels above 100 and 500 lux at BL was 46 ± 140 minutes and 10 ± 9 minutes, 
respectively. This dropped off in ensuing weeks with only two exceptions (week two 
17000 K light condition, 39 ± 125 minutes; week two of 4000 K light condition, 20 ± 119 
minutes) and remained below five minutes for the time above 100 and 500 lux for the rest
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of the study. In contrast to this, during BL, CH1S8 spent 349 ±161 minutes in light levels 
>100 lux and 13 ± 10 minutes in light levels >500 lux.
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Figure 4.1: Participant examples of time (mean ± SD) above 100 lux and 500 lux.
(A) CHI811 AWL presumably worn under clothing (B) CHI88 regularly worn AWL not under clothing. 
Baseline (BL), washout (WO), 4000 K (4K) and 17000 K (17K) light condition.
Time above 100 lux ( —e -  ), time above 500 (■—■—) lux.
The lowest time (mean ± SD) that CHI88 (Figure 4.1 B) spent in light levels above 100 
lux was 167 ± 73 minutes (WO week 1) and 0.2 ± 0.4 minutes for time > 500 lux. 
Although both participants were in the same care home and both were observed awake in 
the lights for more than a third of the total observations (CHI 88, 30 out of 48
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observations; CHI S11, 22 out of 48 observations; section 4.4.5), there was still a big 
difference in the time the participants spent in the lights. The most likely cause of the 
disparity in data between the two participants was the covering of the AWL by clothing 
(section 2.9.3). Consequently, it should be remembered that the results reported in the 
following sections are an estimate of the minimum time that residents spent in light.
4.4.2 Time spent in light - care home grouped data
Time spent in light for each light threshold value was analysed for each participant and 
daily mean data were grouped into weekly means as well as light condition means. The 
data for all participants in the same care home were then grouped together for further 
statistical analysis. Figures 4.2, 4.3, 4.4 and 4.5 illustrate the time (mean ± SD) that 
participants spent in light levels above 100, 500, 1000 and 2000 lux for all 7 care homes. 
All available data were used to create these figures with some weeks containing lower 
participant n numbers than others.
The most noticeable trends can be seen in the increased time in lux levels during the 
17000 K light condition compared to WO in CH2, CH4, CH5, CH6 and CH8 (Figure 4.2 
C and D, Figure 4.3 A and B, Figure 4.4 A,B,C and D and Figure 4.5 C and D, 
respectively). As expected this trend was most obvious in the time >100 lux, > 500 lux 
and > 1000 lux. In CHI, CH5, CH6 and CH7, the time spent in light levels >100 lux 
during the 4000 K lights condition was similar to that in the 17000 K light condition. 
However, the 4000 K light condition in CHI, CH6 and CH7 was during a long natural 
photoperiod (September in CHI and CH6 and April in CH7) and the similarity between 
light conditions could be caused by increased exposure to natural light. In CH7 the 
seasonal effect was also clearly seen in the trend of increasing time in light > 1000 lux 
and > 2000 lux at the start of the 4000 K light condition compared to the end. Although 
the time above > 2000 lux was not as comparably high in the other care homes, a seasonal 
effect of natural light exposure cannot be ruled out for the other lux threshold values.
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4.4.2.1 Time spent in light above 100 lux
Participants with missing BL data from CH2 (n = 2) CH4 (n = 1) and CH5 (n = 2) were 
not included in the statistical analysis to compare time in light in each light condition for 
all threshold data.
In CH2, CH7 and CH8 the time that participants spent in lux levels greater than 100 lux 
was not significantly different between any of the light conditions or any of the weeks 
measured. When the weeks were grouped to gain mean values for each light condition 
(Table 4.4) significant Friedman test results were observed; mean rank of time measured 
in light levels > 100 lux in CHI (x^  (3) = 8.2, p = 0.041, n = 5), CH4 (3) = 20, p < 
0.001, n = 10), CH5 (3) = 17.4, p < 0.001, n = 10) and CH6 (3) = 8.25, p = 0.041, n 
= 8) were significantly different.
Table 4.4: Mean ± SD time (minutes) spent by participants (n = 44) in lux levels >100 lux in 
each light condition
CH Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n
BL 4000 K WO 17000 K
CHI 110 ± 140 5 119 ± 114 5 57 ± 77 5 83 ± 119 5
CH2 201 ± 167 3 131 ± 112 3 129 ± 118 3 364 ± 100 3
CH4 51 ± 93 10 90 ± 125 10 101 ± 99 10 180 ± 148 10 *** +
CHS 48 ± 59 10 96 ± 92 10 45 ± 45 10 159 ± 98 10 ** AA
CH6 93 ± 91 8 66 ± 44 8 33 ± 25 8 90 ± 75 8
CH7 124 ± 29 3 205 ± 112 3 163 ± 122 3 193 ± 80 3
CH8 168 ± 130 5 142 ± 123 5 189 ± 114 5 255 ± 119 5
Total 93 ± 105 44 107 ± 102 44 87 ± 92 44 170 ± 129 44
Baseline light condition (BL), washout light condition (WO), 4000 K light condition (4000 K) and 17000 K 
light condition (17000 K).
Condition mean values calculated from a mean o f n participants.
*** p < 0.001 compared to BL; ** p < 0.01 compared to BL; + p < 0.05 compared to 4000 K light 
condition;
AA p < 0.01 compared to WO.
Pairwise comparison revealed that significantly more time was spent in light levels >100 
lux during the 17000 K light condition (180 ± 148 minutes) compared to BL (51 ± 93 
minutes, Z = - 4.33, SE = 0.58, p < 0.001) and the 4000 K light condition (90 ± 125 
minutes, Z = -3.118, SE = 0.58, p = 0.011) in CH4. In CH5 significantly more time was 
spent in light levels >100 lux during the 17000 K light condition (159 ± 98 minutes)
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compared to WO (45 ± 45 minutes, Z = - 3.64, SE = 0.58, p = 0.002) and BL (48 ± 59 
minutes, Z = - 3.29, SE = 0.58, p = 0.006). Although overall the results were significant 
in CHI and CH6, no significant differences were found between conditions in a pairwise 
comparison. A Friedman 2-way ANOVA on individual weekly means, however, revealed 
a significant difference between time spent in light levels >100 lux in CH6 (%^ (11) = 
25.7, p = 0.007). A pairwise comparison showed a significant difference between week 
one of 4000 K light condition (91 ± 68 minutes) and week three of WO ( 9 ± 9 minutes, Z 
= 3.4, SE = 1.93, p = 0.043).
4.4,2.2 Time spent in light above 500 lux
The time that participants spent in lux levels > 500 was not significantly different 
between light conditions in CHI, CH2 and CH7. The grouped light condition data 
showed significant differences in mean ranks from the Friedman test result in CH4 (%^ (3) 
=16.68, p = 0.001, n = 10), CH5 (3) =19.47, p < 0.001, n = 10), CH6 (3) = 16.6, p
< 0.001, n = 8) and CH8 (3) = 10.92, p = 0.012, n = 5) (Table 4.5).
Table 4.5: Mean ± SD time (minutes) spent by participants (n =44) in lux levels > 500 lux in each 
light condition
CH Mean ± SD n Mean ± SD n Mean ± SD n Mean ± SD n
BL 4000 K WO 17000 K
CHI 10 ± 9 5 16 ± 12 5 2 ± 2 5 16 ± 30 5
CH2 44 ± 67 3 12 ± 13 3 13 ± 13 3 123 ± 83 3
CH4 6 ± 13 10 13 ± 23 10 20 ± 29 10 57 ± 80 10 ***
CHS 6 ± 10 10 2 ± 2 10 7 ± 9 10 54 ± 48 10 ** A±±±
CH6 14 ± 17 8 5 ± 10 8 3 ± 5 8 22 ± 14 8 AA
CH7 23 ± 17 3 57 ± 49 3 45 ± 41 3 78 ± 49 3
CHS 23 ± 30 5 31 ± 50 5 44 ± 41 5 103 ± 97 5 *
Total 13 ± 23 44 14 ± 26 44 16 ± 2 6 44 57 ± 65 44
Baseline light condition (BL), washout light condition (WO), 4000 K light condition (4000 K) and 17000 K 
light condition (17000 K).
Condition mean values calculated from a mean o f n participants.
* * * p <  0.001 compared to BL; ** p < 0.01 compared to BL; * p < 0.05 compared to BL; +++ p < 0.001 
compared to 4000 K light condition; AA p < 0.01 compared to WO; A p < 0.05 compared to WO.
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Pairwise comparison revealed these differences to be between 17000 K (57 ± 80 minutes) 
and BL (6 ± 13 minutes, Z = - 3.98, SE = 0.58, p < 0.001) in CH4; 17000 K (54 ± 48 
minutes) and BL (6 ± 10 minutes, Z = - 3.46, SE = 0.58, p = 0.003), WO (7 ± 9 minutes, 
Z = - 2.94.46, SE = 0.58, p = 0.019) and 4000 K (2 ± 2 minutes, Z = - 3.99, SE = 0.58, p 
< 0.001) in CH5; 17000 K (22 ± 14 minutes) and WO (3 ± 5 minutes, Z = - 3.58, SE = 
0.65, p = 0.002) in CH6 and 17000 K (103 ± 97 minutes) and BL (23 ± 30 minutes, Z = - 
2.94, SE = 0.82, p = 0.02) in CH8.
4,4.2.3 Time spent in light above 1000 lux
In CHI, CH2 and CH7 the time that participants spent in lux levels greater than 1000 lux 
was not significantly different between any of the light conditions or any of the weeks 
measured. When the weeks were grouped to gain mean values for each light condition 
(Table 4.6) significant Friedman test results were observed; mean rank of time observed 
in light levels > 1000 lux in CH4 (3) = 21.89, p < 0.001, n = 10), CH5 (3) = 15.5, p 
= 0.001, n = 10), CH6 (3) = 12.84, p = 0.005, n = 8).
Table 4.6: Mean ± SD time (minutes) spent by participants (n = 44) in lux levels > 1000 lux in 
each light condition
CH M ean ± SD n M ean ± SD n M ean ± SD n M ean ± SD n
BL 4000 K WO 17000 K
CHI 4 ± 6 5 6 ± 6 5 1 ± 1 5 6 ± 1 1 5
CH2 22 ± 37 3 5 ± 5 3 4 ± 4 3 49 ± 37 3
CH4 1 ± 1 10 4 ± 5 10 6 ± 9 10 * 22 ± 30 10 *** +
CH5 4 ± 9 10 1 ± 1 10 2 ± 4 10 17 ±  20 10 A-H-
CH6 7 ± 10 8 A 3 ± 6 8 1 ± 3 8 6 ±  6 8 A
CH7 16 ± 16 3 30 ± 38 3 22 ±  25 3 36 ± 29 3
CHS 9 ± 13 5 13 ± 25 5 16 ± 22 5 60 ± 70 5 * ±
Total 6 ± 13 44 6 ± 14 44 6 ± 12 44 23 ± 34 44
Baseline light condition (BL), washout light condition (WO), 4000 K light condition (4000 K) and 17000 K 
light condition (17000 K).
Condition mean values calculated from a mean o f n participants.
*** p < 0.001 compared to BL; * p < 0.05 compared to BL; ++ p < 0.01 compared to 4000 K light 
condition; + p < 0.05 compared to 4000 K light condition; A p < 0.05 compared to WO.
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Pairwise comparison revealed that significantly more time (mean ± SD minutes) was 
spent in light levels > 1000 lux during the 17000 K light condition (22 ± 30 minutes) 
compared to BL (1 ± 1 minutes, Z = - 4.42, SE = 0.58, p < 0.001), and the 4000 K light 
condition (4 ± 5 minutes, Z = -2.86, SE = 0.58, p = 0.026) in CH4. Additionally, 
significantly more time was spent in light levels > 1000 lux during the WO condition (6 ± 
9 minutes, Z = - 2.69, SE = 0.58, p = 0.04) compared to BL in CH4. In CH5 significantly 
more time was spent in light levels > 1000 lux during the 17000 K light condition (17 ± 
20 minutes) compared to WO (2 ± 4 minutes, Z = - 2.77, SE = 0.58, p = 0.03) and the 
4000 K light condition (1 ± 1 minutes, Z = - 3.29, SE = 0.58, p = 0.006). In CH6 a 
pairwise comparison reached significance during the 17000 K light condition (6 ± 6 
minutes) for time spent in light > 1000 lux compared to the WO light condition (1 ± 3 
minutes, Z = - 3, SE = 0.65, p = 0.016). There was also a significant difference between 
BL (7 ± 10 minutes, Z = 2.9, SE = 0.65, p = 0.02) and the WO light condition. The time 
spent in light levels > 1000 lux in CH8 was significantly higher during the 17000 K light 
condition (60 ± 70 minutes) compared to BL (9 ± 13 minutes, Z = - 2.69, SE = 0.82, p = 
0.042) and the 4000 K light condition (13 ± 25 minutes, Z = - 2.69, SE = 0.82, p = 0.042).
4,4.2.4 Time spent in light above 2000 lux
Grouped light condition data (Table 4.7) showed significant differences in mean ranks 
from the Friedman test results in CH4 (%^ (3) = 14.2, p = 0.003, n = 10) only. A pairwise 
comparison showed that significantly more time (mean ± SD minutes) was spent by the 
participants in light levels > 2000 lux during the 17000 K light condition (4 ± 4 minutes) 
compared to BL (0 ± 0 minutes, Z = - 3.5, SE = 0.56 p = 0.003).
When individual weekly means were analysed the time that participants spent in lux 
levels > 2000 was significantly different between light conditions in CHI, CH4 and CH6 
in the Friedman test (CHI (11) = 25.5, p = 0.008, n = 5; CH4 (11) = 27.8, p = 0.004, 
n = 8; CH6 (11) = 29.4, p = 0.002, n = 7). A pairwise comparison revealed significant 
differences between BL (0 ± 0 minutes) and week one of the 17000 K light condition (6 ± 
7 minutes, Z = - 3.43, SE = 1.8, p = 0.04) in CH4 and BL (3 ± 6 minutes) and WO week 
three (0 ± 0 minutes, Z = 3.37, SE = 1.9, p = 0.049) in CH6.
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Table 4.7: Mean ± SD time (minutes) spent by participants (n = 44) in lux levels > 2000 lux in 
each light condition
CH M ean ± SD n M ean ± SD n M ean ± SD n M ean ± SD n
CHI
BL
3 ± 5 5
4000 K
4 ±  4 5
WO
0 ± 0 5
17000 K
0 ± 0 5
CH2 8 ± 13 3 3 ± 3 3 1 ± 2 3 10 ± 11 3
CH4 0 ± 0 10 1 ± 1 10 1 ± 1 10 4 ± 4 10 *
CH5 3 ± 9 10 0 ± 1 10 0 ± 0 10 4 ± 11 10
CH6 3 ± 6 8 2 ± 3 8 1 ± 2 8 1 ± 2 8
CH7 9 ± 8 3 19 ± 30 3 6 ± 9 3 4 ± 5 3
CHS 4 ± 8 5 5 ± 10 5 7 ± 11 5 23 ± 26 5
Total 3 ± 7 44 3 ± 9 44 2 ± 5 44 6 ± 12 44
Baseline light condition (BL), washout light condition (WO), 4000 K light condition (4000 K) and 17000 K 
light condition (17000 K).
Condition mean values calculated from a mean of n participants.
* p < 0.05 compared to BL.
4.4.3 Time spent in light results -  summary data
Time spent in light for each threshold value was analysed for all participants and daily 
mean data were grouped into weekly means as well as light condition means. The data for 
all participants were then grouped together for further statistical analysis.
Figure 4.6 A and B illustrates the time (mean ± SD) that all 49 participants spent in light 
levels above (A) 100 and 500 and (B) 1000 and 2000 lux. The most noticeable trends can 
be seen in the increased mean time in light > 100, > 500 and > 1000 lux during the 17000 
K light condition compared to all other light conditions. As expected the time spent in lux 
levels >100 lux was greater than all other threshold values across all light conditions and 
weeks with > 2000 lux showing the lowest mean time.
When all participants were grouped together (n = 44), the mean (minutes ± SD) rank of 
time measured in light levels >100 lux was significantly different (%^ (3) = 27.6, p < 
0.001, n = 44) between light conditions (Table 4.8). Pairwise comparison for time >100 
lux revealed significant differences between the 17000 K light condition (170 ± 129 
minutes), BL (93 ±105 minutes, Z = - 4.2, SE = 0.28, p < 0.001) and WO (87 ± 92 
minutes, Z = - 4.8, SE = 0.28, p < 0.001).
The mean rank of values for each light condition (Table 4.8), for all participants measured 
in light levels > 500 lux was significantly different (%^ (3) = 44.4, p < 0.001, n = 44);
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mean rank of time (minutes ± SD) was significantly higher during the 17000 K light 
condition (57 ± 65 minutes) compared to BL (13 ± 23 minutes, Z = - 5.9, SE = 0.28, p < 
0.001), WO (16 ± 26 minutes, Z = - 5, SE = 0.28, p < 0.001) and 4000 K light conditions 
(14 ± 26 minutes, Z = - 5.2, SE = 0.28, p < 0.001) in a pairwise comparison.
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Figure 4.6: All participants (maximum n = 49) weekly time spent per day (minutes, mean ± SD) 
in light levels above threshold values.
(A) Time above 100 lux ( —o - •) and 500 lux ( —«—). (B) Time above 1000 lux ( “ V - •) and 2000 lux (
♦ ) Baseline (BL), 4000 K (4K), washout (WO) and the 17000 K light condition (17K).
When all participants were grouped together, the mean (minutes ± SD) rank of time 
measured in light levels > 1000 lux was significantly different (x^  (3) = 38.8, p < 0.001, n 
= 44) between grouped light condition data (Table 4.8). Statistically significant 
differences between the 17000 K light condition (23 ± 34 minutes), BL (6 ± 13 minutes.
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z  = - 4.8, SE = 0.28, p < 0.001), WO (6 ± 12 minutes, Z = - 5.2, SE = 0.28, p < 0.001) 
and the 4000 K light condition (6 ± 14 minutes, Z = - 4.7, SE = 0.28, p < 0.001) were 
revealed in a pairwise comparison.
Table 4.8: Mean ± SD time (minutes) spent by participants (n = 44) in lux levels in eaeh light 
condition -  summary
Threshold Mean ± SD Mean ±  SD Mean ± SD Mean ± SD
BL 4000 K WO 17000 K
>100 93 ± 105 107 ±  102 87 ± 92 170 ±  129 *** AAA
>500 13 ± 23 14 ±  26 16 ± 26 57 ±  65 ***  AAA + + +
>1000 6 ± 13 6 ±  14 6 ± 12 23 ±  34 *** AAA +++
>2000 3 ± 7 3 ±  9 2 ± 5 6 ±  12
n 44 44 44 44
Baseline light condition (BL), Washout light condition (WO), 4000 K light condition (4000 K) and 17000 
K light condition (17000 K).
Number of participants used for the calculation o f the summary mean for each condition (n).
*** p < 0.001 compared to BL; +++ p < 0.001 compared to 4000 K light condition; AAA p < 0.001 
compared to WO.
For the time spent by participants in light > 2000 lux, no significant difference was 
observed between conditions. The time (mean ± SD) spent in light > 2000 lux was 6 ± 12 
minutes during the 17000 K light condition; 3 ± 7 minutes during BL; 3 ± 9 minutes 
during the 4000 K light condition and 2 ± 5 minutes during WO (Table 4.8). The low 
time spent in lux levels > 2000 lux was anticipated due to this being the result of natural 
light exposure and not artificial light. There was, however, a significant difference 
between individual weeks (%^ (11) = 19.9, p = 0.046, n = 33), but no significant difference 
was apparent in a pairwise comparison of individual weeks.
When a mean ± SD value was taken across all light conditions (12 weeks of data) for the 
time spent in light levels > 2000 lux, the total mean for all participants was 4 ± 7 minutes 
(Table 4.9). When participants were grouped by care home, participants in CH7 and CH8 
spent the most time per day in light levels > 2000 lux spending 10 ± 14 minutes and 11 ± 
15 minutes, respectively. Participants in CHI, CH2 CH4 CH5 and CH6 spent similar 
amounts of time in > 2000 lux light levels.
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4.4.3.1 Effect o f natural photoperiod on WO and BL data
As discussed previously (section 4.3.4.1) data from either the BL or the WO light 
condition were separated into groups of long or short natural photoperiod so that BL data 
from CHI, CH2, CH5 and CH6 were put into the long natural photoperiod group and the 
WO data from the same care homes put into the short natural photoperiod group. The BL 
data in CH4, CH7 and CH8 were put into the short natural photoperiod group and the WO 
data into the long natural photoperiod group.
Table 4.9: Mean ± SD time (minutes) spent in lux levels > 2000 lux during the 12 week study 
period
CH Mean ± SD n
CHI 2 ± 2 5
CH2 5 ± 6 3
CH4 2 ± 2 10
CH5 2 ± 5 10
CH6 1 ± 3 8
CH7 10 ± 14 3
CHS 11 ± 15 5
Total 4 ±7 44
(n = 44 participants).
A significant difference was found for the effect of natural photoperiod on grouped BL 
and WO (mean ± SD minutes) data (Figure 4.7). A significant difference between mean 
ranks in a Wilcoxon matched pairs signed ranks test was observed between long (109 ± 
108 minutes) and short (71 ± 85 minutes) natural photoperiod for the time spent in light > 
100 lux (W (43) = 202, Z = -3.42, p = 0.001). During the long natural photoperiod 
participants spent significantly more time (21 ± 30 minutes) in light levels > 500 lux 
compared to the short natural photoperiod (9 ± 15 minutes) (W (43) = 119, Z = -4.16, p < 
0.001). The same difference was also observed for the time spent in light > 1000 lux: long 
natural photoperiod (9 ± 15 minutes) verses short natural photoperiod (3 ± 7 minutes) (W 
(43) = 120, Z = -3.77, p < 0.001); and the time spent in light > 2000 lux; long natural 
photoperiod (4 ± 7 minutes) versus short natural photoperiod (1 ± 4 minutes) (W (43) = 
71, Z = -3.61, p <  0.001).
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Figure 4.7: Long and short natural photoperiod comparisons (n = 43).
Mean ± SEM time (log minutes) spent per day by participants in light levels above 100, 500, 1000 and 2000 
lux during a long (CD) and short ( B )  natural photoperiod.
** p < 0.01 compared to the corresponding short photoperiod, *** p < 0.001 for the corresponding short 
photoperiod.
4.4.4 Participant median lux levels across the day
4,4,4,1 Median lux levels grouped by care home: 24 h profiles
As expected, greater median lux levels (mean ± SEM) were observed during daytime 
hours (08:00 to 20:00 h) compared to the nighttime in all care homes studied (Figure 4.8 
and Figure 4.9). The highest light levels primarily occurred between 11:00 and 15:00 h in 
all conditions and care homes but were most clearly seen during the 17000 K light 
condition. In CH7 and CH8 the 11:00 to 15:00 peak in light levels was also prominent in 
other light conditions. In participants from CHI, CH2, CH7 and CH8 (Figure 4.8 A, B, 
and Figure 4.9 C and D, respectively) a second smaller peak in median lux levels was 
observed in the late afternoon or early evening. In CHI participants this second peak 
occurred between 17:00 and 19:00 h in all light conditions. In CH2 participants the 
second peak occurred between 18:00 and 20:00 h and was only visible during the 17000 
K light condition. The second peak in CH7 participants appeared between 17:00 and 
19:00 h and was present in all light conditions and in CH8 participants the second peak 
was between 17:00 and 19:00 h during the 17000 K light condition only.
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Apart from the period between 10:00 and 12:00 h midday, the 17000 K light condition in 
CHI participants did not show higher median lux levels compared to the other light 
conditions. The other three light conditions followed a very similar trend for each hour in 
the 24 h profile.
The 17000 K light condition clearly produced higher light exposure in the participants 
than the 4000 K and WO light conditions in CH2, however, the BL light condition 
produced a very similar, if slightly lower, pattern of light exposure across the 24 h profile. 
The similarity in participant light exposure between the 17000 K and BL light condition 
diverged in the evening where the 17000 K remained higher.
In CH4 participants the BL, 4000 K and WO light conditions produced a very similar 
pattern of median lux levels across the 24 h profile. From 08:00 h there was a rising trend 
up to midday which then fell to a consistently low level at 16:00 h. The 17000 K light 
condition produced a peak at 14:00 h in CH4 participants before dropping back down to a 
consistent level from 15:00 to 18:00 h. The lux level experienced during the 17000 K 
light condition was clearly higher than the other three light conditions between 13:00 and 
19:00 h.
In CH5 participants the 17000 K light condition produced peaks between 13:00 and 16:00 
h. The other three light conditions resulted in very low median lux levels throughout the 
24 h profile. The 4000 K, WO and 17000 K light conditions in CH6 participants had a 
peak lux level at 13:00 h. These three light conditions produced a very similar pattern 
across the 24 h profile, remaining very low after the 13:00 h peak. The BL light condition 
rose at 11:00 h above the level of the other three conditions and peaked at 14:00 h, before 
dropping back down at 15:00 h.
In CH7 participants the 4000 K and WO light conditions produced a similar pattern 
across the 24 h profile. Median lux levels of the participants rose at 10:00 h and fell again 
at 17:00 h. The 17000 K light condition and BL light exposure in the participants 
increased at 11:00 h and although the 17000 K light condition was higher than all other 
conditions between 12:00 and 13:00 h, it does not rise above the level of the other light 
conditions again until 18:00 h. In CH8 participants apart from the evening hours, the 
17000 K and 4000 K light conditions produced a similar hourly pattern. Participants’ 
median lux levels during the 17000 K and 4000 K light condition produced a higher trend 
compared to the BL and WO light condition from 12:00 to 16:00 h.
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There was a elear trend of higher median hourly lux levels in the daytime for participants 
in CH2, CH4 and CH5 during the 17000 K light condition. Although overall there was 
little difference in hourly lux levels between light conditions for participants in CH6 and 
CH7, there was a higher median lux level peak during the 17000 K light condition, which 
appeared to coincide with meal times (at 13:00 h and 18:00 h in CH7 and at 13:00 h in 
CH6). As was the case in CH7 and CHS participant light exposure, a double peak was 
also apparent in CHI and CH2 participant light exposure, although not in the 17000 K 
light condition in CHI and later in the evening in CH2. In CHI and CH6 residents were 
exposed to lower median lux levels during the 17000 K light condition compared to all 
other care homes. Participant light exposure in CHS for all light conditions was higher 
compared to participants in all other care homes. This was especially true during the 4000 
K and 17000 K light condition.
Figure 4.10 presents the 24 h profiles of median lux level for all light conditions, when all 
49 participants were grouped together. All the light conditions followed a very similar 
pattern of rising lux levels from 08:00 h to a peak around 13:00 h that gradually fell until 
17:00 h. This was followed by a plateau in lux level from 17:00 - 19:00 h that gradually 
fell again to approximately zero lux level by midnight.
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F igure 4.10: Hourly median light levels (mean ±  SEM lux) in all participants (n =  49) across 24 h 
in all care homes.
Baseline (B ), 4000 K ( ), washout ( B  ) and the 17000 K light condition ( B  )
There was not much of a difference in lux levels for eaeh hour between the WO, BL and 
4000 K light conditions. The median hourly lux level of the participants during the 17000 
K light condition, however, was higher than the other light conditions from 12:00 - 19:00
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h, with a mean peak at 13:00 - 150 lux. The plateau from 17:00 - 19:00 h in the 17000 K 
light condition was also more prominent compared to the other light conditions.
4.4.4.2 Median lux levels in each care home during each light condition
The median lux levels (mean ± SEM lux, n = 44) recorded between 07:00 and 23:00 h for 
all participants in each care home were compiled and are summarised in Table 4.10. The 
07:00 - 23:00 h time frame was chosen on the basis of the time that participants were 
most likely to be out of bed.
Friedman’s 2-way ANOVA by ranks was chosen to look at statistical differences between 
the lux level that participants were exposed to during all light conditions. This test 
included complete data sets only (n = 44 participants) and consequently five participants 
(CH2S8, CH2S10, CH4S14, CH5S10 and CH5S13), with missing BL data, were not 
included in the statistical analysis. In CH4 (n = 10) the lux levels of participants were 
significantly different depending on the light condition (%^ (3) = 11.88, p = 0.008). A 
pairwise comparison (with Bonferoni correction) of all combinations of treatment groups 
revealed a significant difference between BL (12 ± 4 lux) and the 17000 K (48 ±19 lux) 
light condition (Z = -3.12, SL = 0.58, p = 0.011). The light condition also had an effect on 
the lux level in CH5 (3) = 9.24, p = 0.026) although no significant difference was 
found in a pairwise comparison of the different conditions.
Table 4.10: Median lux level (mean ± SEM) of the participants (07:00 - 23:00 h, n = 44) during 
each condition in each care home
CH BL n 4000 K n WO n 17000 K n
CHI 20 ± 12 5 17 ± 8 5 9 ± 4 5 14 ± 8 5
CH2 55 ± 40 3 25 ± 15 3 24 ± 13 3 148 ± 59 3
CH4 12 ± 4 10 18 ± 8 10 17 ± 6 10 48 ± 19 * 10
CH5 11 ± 3 10 18 ± 4 10 12 ± 3 10 32 ± 8 10
CH6 18 ± 6 8 13 ± 3 8 11 ± 2 8 16 ± 4 8
CH7 31 ± 10 3 41 ± 21 3 23 ± 14 3 27 ± 14 3
CH8 30 ± 14 5 69 ± 36 5 48 ± 29 5 65 ± 24 5
Total 20 ± 4 44 25 ± 5 44 18 ± 4 44 42 ± 8 ** AA 44
Baseline (BL), 4000 K, washout (WO) and 17000 K light condition, number of participants (n). 
* p < 0.05 compared to BL, ** p < 0.01 compared to BL, AA p < 0.01 compared to WO.
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Statistically the type of light condition had no effect upon the lux levels that participants 
were exposed to in CHI, CH2, CH6, CH7 and CH8. The low sample number in these care 
homes, however, limits the reliability of the Friedman test.
The lowest recorded median lux reading was recorded for CHI participants during the 
WO light condition (9 ± 4 lux). In CH2 participants had the greatest median daily lux 
levels (148 ± 59 lux) of all the care homes measured during the 17000 K light condition. 
The WO and 4000 K light conditions were at a similar low level, however, during the BL 
light condition, during a natural long photoperiod, participants were exposed to a daily 
median light intensity of 55 ± 40 lux. In CH4 participants in the 17000 K light condition 
had the highest daily median value (48 ± 1 9  lux) and the other light conditions were 
similarly low. This was also true in CH5; 17000 K 32 ± 8 lux, BL 11 ± 3 and WO 12 ± 3 
lux and 4000 K light condition 18 ± 41ux; but not in CH6 where the median lux level was 
similar during all light conditions. In CH7 participants during the 4000 K light condition 
had the highest median daily lux level (41 ±21 lux) with the BL, 17000 K and WO light 
conditions at a similarly low level. Participant’s daily median lux levels during the 17000 
K and 4000 K light conditions in CH8 were at a similar level (65 ± 24 lux and 69 ± 36 
lux, respectively), however the BL and WO median lux levels were lower. In comparison 
to all other care homes the median lux level recorded in all light conditions in CH8 were 
generally higher and indicated that participants were exposed to more natural light. This 
also appeared to be true in CH7 and in CH2; although a seasonal effect was also apparent 
due to the differences between BL and WO lux levels in these care homes. Participants in 
CH6 on the other hand, appear to have been less frequently exposed to natural light, 
which was supported by the findings in the time spent in light > 2000 and > 1000 lux 
(section 4.5.3.3 and 4.5.3.4) and the fact that CH6 had the darkest communal room 
(median 57 lux recorded between 05:00 and 21:00 h) used in the study.
The median lux levels (mean ± SLM) for all participants, when grouped together by light 
condition, are summarised in Table 4.10. All data were compiled from median hourly lux 
values taken between 07:00 and 23:00 h from 44 participants with complete data sets. 
Friedmans 2-way ANOVA by ranks found a significant difference in lux levels between 
light conditions (x^  (3) = 16.28, p = 0.001). A pairwise comparison of participant 
treatment groups showed the lux level during the 17000 K light condition (42 ± 8 lux, n = 
44) was significantly higher than BL (20 ± 4 lux, n = 44) (Z = -3.22, SL = 0.28, p = 
0.008) and the WO (18 ± 4 lux, n = 44) light condition (Z = -3.63, SL = 0.28, p = 0.002).
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4.4.5 Observations
As discussed in detail previously (section 4.3.4.3), observations were made of the 
resident’s location and activity once a week. In total 2352 observations were made at four 
times in the day (09:00 h, 11:00 h, 14:00 h and 16:00 h) on 49 participants during the 12 
week study period: 196 at BL, 784 during the 4000 K light condition, 588 during WO, 
and 784 during the 17000 K light condition (Table 4.11). Out of 2352 observations, 671 
(29 %) were of participants in the study rooms and awake, 99 (4%) were of participants in 
the study rooms and napping, 88 (4%) were absent from the care home and seven (0.3%) 
observations were registered of residents in the care home gardens. Residents were in 
other areas of the home for 1437 observations (61%), could not be loeated at the time of 
the observations on 4 occasions (0.2%) and 46 observations were not recorded (2%).
During BL 56 observations were made of participants in the study rooms and awake 
which was 29% of the total possible (n = 196). During the 4000 K light condition there 
were 198 observations of participants awake and in the study rooms which was 25% of 
the total possible (n = 784). The number of observations of participants awake and in the 
study rooms during WO was 195, 33% of the total possible (n = 588) and during the 
17000 K light condition this was 222 (28%) out of 784 possible observations. There was 
little difference between the observations of awake participants in the study rooms in the 
different light conditions. The biggest percentage difference (8%) was between the 4000 
K light condition and the WO light condition.
Likewise there was little difference between the observations of participants napping in 
the study rooms during the different light conditions. During BL seven out of 196 
observations were made (4% of the total observations for that condition), 41 out of 784 
(5%) were made during the 4000 K light condition, 25 out of 588 (4%) during WO and 26 
out of 784 (3%) during the 17000 K light condition. Out of all the observations made of 
participants in the study rooms (observed either awake or napping), there was a higher 
proportion of participants napping during the 4000 K light condition (17%) compared to 
all other light conditions (BL 11%, WO 11% and 17000 K light condition 10%).
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Table 4.11: Participants (n = 49) observed in the study rooms - awake and napping
Participant code
BL BL
Total number of observations 
per participant 4 
Awake Napping
4000 K  4000 K
Total number of observations 
per participant 16 
Awake Napping
W O wo
Total number of observations 
per participant 12 
Awake Napping
17000 K  17000K
Total number of observations 
per participant 16 
Awake Napping
CH1S4 3 0 9 4 11 0 2 1
CH1S8 3 0 7 0 8 0 12 0
CH1S9 4 0 8 2 3 5 7 2
CH ISIO 1 0 2 1 3 0 1 0
C H lS ll 0 0 9 0 6 0 8 0
CH2S5 2 0 8 1 8 0 12 2
CH2S7 3 1 6 1 9 3 8 2
CH2S8 1 0 3 0 2 0 1 0
CH2S9 1 2 4 3 2 2 4 4
CH2S10 0 3 6 4 6 3 11 0
CH4S2 0 0 0 0 3 0 4 0
CH4S4 1 0 3 1 1 0 3 0
CH4S5 2 0 9 1 7 2 5 4
CH4S6 1 0 2 0 2 0 2 0
CH4S7 1 0 1 0 0 0 1 0
CH4S8 1 0 2 0 4 0 2 0
CH4S9 2 0 3 0 1 0 1 0
CH4S11 1 0 2 0 3 0 4 0
CH4S12 0 0 3 0 1 0 2 0
CH4S13 2 0 6 0 7 0 7 0
CH4S14 0 0 7 0 7 0 6 0
CH5S1 0 0 1 1 3 0 1 0
CH5S4 0 0 0 0 0 0 0 0
CH5S6 2 0 9 1 6 0 10 0
CH5S7 0 0 0 0 0 0 1 0
CH5S8 2 0 8 0 5 0 4 0
CH5S10 0 0 1 0 1 1 2 1
CH5S11 0 0 6 1 9 0 8 0
CH5S12 3 0 6 6 5 3 10 2
CH5S13 1 1 3 7 8 2 4 3
CH5S14 4 0 9 6 10 2 13 1
CH5S16 1 0 4 0 7 1 10 2
CH5S18 4 0 15 0 12 0 13 0
CH6S2 1 0 3 0 4 0 5 0
CH6S3 1 0 4 0 0 0 4 0
CH6S4 0 0 2 0 1 0 2 0
CH6S5 0 0 0 0 0 0 0 0
CH6S7 1 0 4 0 4 0 5 0
CH6S8 1 0 3 0 3 0 4 0
CH6S9 1 0 1 0 0 0 3 0
CH6S10 1 0 2 0 4 0 3 0
CH7S1 0 0 0 0 2 0 0 0
CH7S7 0 0 1 0 1 0 1 1
CH7S11 2 0 5 1 4 1 8 0
CH8S5 1 0 5 0 7 0 3 1
CH8S7 1 0 6 0 5 0 4 0
CH8S8 0 0 0 0 0 0 0 0
CH8S9 0 0 0 0 0 0 0 0
CH8S10 0 0 0 0 0 0 1 0
Total number of 
observations in the 
study room 56 7 198 41 195 25 222 26
%  of time in the 
study room out of 
all observations 29 4 25 5 33 4 28 3
%  of time napping 
out of all
observations made 
in the study room 11 17 11 10
Baseline light condition (BL), Washout light condition (WO), 4000 K light condition (4000 K) and 17000 
K light condition (17000 K).
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Linear regression and correlation
Seven coded categories o f  observations represented the fraction o f  all possible 
observations (35 in  total) in  w hich participants w ere aw ake in the com m unal room s w ith 
the experim ental lights (section 4.3.4.3). This facilitated the estim ation o f  the tim e that 
participants spent in  these room s as a  proportion o f  the to tal num ber o f  observations m ade 
during each light condition. The proportion o f  observations, (aw ake and in  the com m unal 
study room s) determ ined for each light condition, w ere then  com pared to  the tim e that 
each participant spent in  light levels > 100, >  500, >  1000 and >  2000 lux.
Figure 4.11 shows the relationship betw een the fraction o f  the total num ber o f  
observations o f  residents awake in the study room s and the tim e spent in  light levels (A) > 
100, (B) > 500, (C) > 1000 and (D) > 2000 lux during the 17000 K  light condition. O ther 
light conditions w ere exam ined but are no t presented as no significant correlation w as 
observed.
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F igure 4.11: Linear regression o f  participant (n =  49) observations in 17000 K lights and time 
spent in light levels above threshold values (mean minutes per day).
(A)> 100 lux r" = 0.065 (p = 0.076), (B)> 500 lux r^  = 0.015 (p = 0.39), (C)> 1000 lux r" < 0.001 (p = 0.96) 
and (D) > 2000 lux r^  = 0.01 (p = 0.38).
Outliers are circled in red (CH8S10) and green (CHISI 1).
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For the 17000 K  light condition no significant correlation w as observed for the tim e spent 
in  light > 100 lux (r^ =  0.065, p =  0.076; F igure 4.11 A), > 500 lux (r^ = 0.015, p  = 0.39; 
Figure 4.1 IB ), >  1000 lux (r^ <  0.001, p =  0.96; F igure 4.11C ) and >  2000 lux (r^ = 0 .0 1 , 
p =  0.38; Figure 4.11 D). A  significant positive correlation w as observed, how ever, after 
the rem oval o f  outliers from  tim e spent in  light >  100 lux (r^ = 0.11, p = 0.02; Figure 
4.12).
A s stated previously (section 4.4.1) the A W Ls w orn by som e participants w ere often 
covered by  clothing, thus reducing the light levels m easured (Figure 4.1 A  and Figure 
4.11 A  circled in  green) even i f  a  participant w as frequently observed aw ake in  the study 
room s. A dditionally  som e residents spent m ore tim e outdoors than  in  the study room s 
(Figure 4.11 A  and D circled in  red). These factors produced outliers ( the participant 
w ith the least num ber o f  observations in  the room s w ith  the 17000 K  lights w ith  the 
highest tim e spent in  light and the participant w ith  the least tim e in  light w ith  the h ighest 
num ber o f  observations in  the room s w ith  the 17000 K  lights) and their rem oval gave a 
statistically significant correlation betw een the tim e spent in  light > 1 0 0  lux (m inutes) and 
the am ount o f  tim e spent in  the com m unal room s during the 17000 K  light condition 
(Figure 4.12).
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Figure 4.12 Linear regression o f participant (n = 49) observations in 17000 K lights and mean 
time spent in light levels above 100 lux (mean minutes per day).
(r^  = 0.11, p = 0.02) after removal of two outliers.
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4.5 Discussion
The aim  o f  the study w as to com pare individual light exposure during the w ashout (W O), 
baseline (BL), 4000 K  and 17000 K  light conditions in  eaeh care hom e using data 
gathered from  the A etiw ateh-L  (AW L) activity and light m onitors w orn by the 
participants. A lthough initial recruitm ent o f  participants w earing A W Ls w as good (n = 73 
participants), the drop out percentage w as h igh (21% ). This coupled w ith  poor quality o f  
som e o f  the data as a  consequence o f  low  participant com pliance in  w earing the w atches 
(8% ) m eant that 67%  (n =  49) o f  the total num ber o f  participants given w atches w ere used 
for data analysis.
4.5.1 Time spent in light- participant examples
A s discussed previously (chapter 2) the level o f  ability o f  individuals recruited  onto the 
study w as carefully considered in  the p lanning stage and w as im plem ented by  w ay o f  
distinct levels o f  participation. Originally, m ore capable care hom e residents participating 
at level 2 and 3 were to be given an A W L and it w as planned that th is w ould m ake up the 
m ajority o f  participants. In reality  how ever, the num ber o f  residents that w ere capable o f  
participating w as far few er than  originally estim ated. A dditionally, it w as difficult to  fully 
determ ine an individual’s ability w ith in  the lim ited tim e available during the recruitm ent 
period. Consequently som e residents found it challenging to  rem em ber to keep the A W L 
on at night and/or lost the w atch w ithin the first w eek o f  w earing it and/or w ore it under 
clothing. Care hom e s ta ff  w ere a key com ponent in care hom es in  w hich participant 
recruitm ent w as successful and com pliance in  w earing the A W L w as good.
A  sm all num ber o f  participants spent regular am ounts o f  tim e out o f  the care hom e. This 
m ay have had an im pact upon the tim e spent in  bright light, as m easured by  the A W L, 
due to natural light exposure. CHI S I O for exam ple, w as absent from  the care hom e 
during 14 out o f  48 (29.2 %) observations (six during the 4000 K  light condition, tw o 
during W O and six during the 17000 K  light condition) and had a h igher recorded tim e in 
light > 100, > 500, > 1000 and > 2000 lux during BL and the 4000 K  light condition 
com pared to W O and the 17000 K  light condition. In C H I the BL and 4000 K  light 
condition occurred during Septem ber/O ctober, in w hich the participant m ay have spent 
m ore tim e outdoors being exposed to m ore natural light w hile aw ay from  the care hom e.
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4.5.2 Time spent in light
In three out o f  the seven eare hom es (CH2, CH 4 and CH 8) there w as a trend o f  increased 
tim e spent in lux levels greater than  100, 500 and 1000 lux during the w eeks o f  the 17000 
K  light condition com pared to all other light conditions. In CH5 this trend w as apparent in 
the tim e > 500 and > 1000 lux and in  CH6 only the tim e > 1 0 0  lux appeared to  be h igher 
during the 17000 K  light condition com pared to the W O  condition. A s the num bers o f  
participants in  CH2 (n = 3) CH 7 (n = 3) how ever, w ere very  low, statistically significant 
differences betw een m ean tim e above threshold lux values in  each light condition w ere 
not observed. In  C H I (n = 5) the participant num bers w ere the sam e as CH 8, but no 
significant differences betw een m ean tim e above threshold  lux values in  eaeh light 
condition w ere observed. This could be because o f  the reduced 17000 K  light use in  C H I ,  
w hich w as the result o f  participants sw itching the lights o f f  (section 3.4.2.2.1).
4,5.2.1 Time spent in light above 100 lux
The null hypothesis w as that participant tim e spent in  light levels > 1 0 0  lux w ould  be the 
sam e across all light conditions. This w as the case in CH I ,  CH6 and CH7, w here there 
w as very little difference betw een tim e spent in  light levels > 1 0 0  lux betw een m ost 
w eeks in  the 17000 K  light condition com pared to the 4000 K  light condition. The 
difference betw een W O  and the other light conditions, how ever, varied  from  care hom e to 
eare hom e because the artificial lights in use during th is condition w ere the eare hom e 
original lights and varied from  room  to room . This w as anticipated, and although in  m ost 
eare hom es there w ere differences betw een individual w eeks during the W O  light 
condition, overall there w as no significant difference in  the m ean tim e spent in  light > 1 0 0  
lux.
Participants spent significantly m ore tim e in  light levels greater than  100 lux during the 
17000 K  light condition in  CH4 com pared to  BL and the 4000 K  light condition and in 
CH5 com pared to BL and W O. The effect o f  natural light cannot be ru led  out as 
contributing tow ards the statistically significant results in  CH 4 and CH 5, especially  as the 
17000 K  light condition fell during the spring and autum n in these care hom es, 
respectively. In CH4 there w as no significant difference betw een W O  and the 17000 K  
light condition w hich follow ed it. Both light conditions fell during a long natural 
photoperiod com pared to the BL and 4000 K  light conditions. This finding w ould  indicate
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that natural light had a considerable influence on the tim e that participants spent in light 
levels greater than 100 lux in  CH 4 and subsequently contributed to  the observed 
difference betw een the 17000 K  light condition, BL and the 4000 K  light conditions. On 
the other hand in  CH5, BL w as follow ed by the 17000 K  light condition w hich also fell 
during a long natural photoperiod. A s 17000 K  w as significantly h igher than  BL 
suggesting that natural light probably had  less o f  an influence on the tim e that participants 
spent in  light levels greater than  100 lux in  this eare hom e (CH5).
A lthough the tim e spent in light levels greater than  100 lux in  CH2 appeared to  be h igher 
in  the 17000 K  condition com pared to  the other light conditions, especially during the 
first 2 w eeks o f  the 17000 K  light condition (Figure 4.2 C), this difference did not reach 
statistical signifieanee. This w as also the ease in  the final 2 w eeks o f  the 17000 K  light 
condition in  CH8 (Figure 4.5C) w here m ore tim e appeared to be spent in  light levels 
greater than  100 lux com pared to  all o ther light conditions. In both eare hom es (CH2 and 
CH8) the 17000 K  light condition fell during a long natural photoperiod w hich probably  
also increased the contribution o f  natural light exposure that the residents w ere exposed to 
at the tim e. The low  sam ple num bers and lack o f  statistically significant results, how ever, 
hinder the interpretation o f  these results.
4.S.2.2 Time spent in light above 500 lux
It w as hypothesised that the tim e that participants spent in light levels greater than  500 
lux w ould be significantly different betw een light conditions, w ith  the 17000 K  light 
condition having the highest m ean tim e. In four out o f  seven eare hom es (CH 4, CH5, 
CH6 and CH8), participants spent significantly m ore tim e on average in  ligh t levels 
greater than 500 lux during the 17000 K  light condition com pared to  the  o ther light 
conditions. There w as also a higher trend during the 17000 K  light condition in  CH 2 and 
CH7 (Figure 4.2C  and Figure 4.5A ) although this did not reach statistical signifieanee due 
to the low  sam ple num ber (CH2, n  = 3 and CH 7, n  = 3).
In CH4 the tim e spent in light levels greater than 500 lux during the 17000 K  light 
condition w as significantly higher than BL (Table 4.5). A lthough the 17000 K  light 
condition w as not significantly higher than  the W O  light condition, the difference 
betw een the tw o m ean values (37 m inutes) w as greater than  w ould be expected for two 
light conditions w ithin a sim ilar natural photoperiod i f  the effect w as predom inantly
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caused by increased tim e in  natural light. A dditionally  the difference betw een tim e spent 
in light (> 500 lux) during the 4000 K  light condition and the W O condition that follow ed 
it, w as far low er (7 m inutes). This m eans that the higher m ean lux level that participants 
w ere exposed to during the 17000 K  light condition w as m ost likely to be the 
consequence o f  spending tim e in  the com m unal room s w ith  the study lights. In CH5 it 
appears that the artificial light during the 17000 K  light condition had a  greater im pact on 
the quantity o f  tim e that residents spent in light levels greater than 500 lux. The overall 
m ean tim e w as sim ilar in  participants during the 17000 K  light condition to that in  CH4 
(CH5 54 ±  48 m inutes, CH 4 57 ±  80 m inutes), how ever, the tim e > 500 lux for all the 
other light conditions in  CH5 w as significantly lower. In  other w ords it is likely that the 
residents in CH5 w ere less regularly  exposed to  brighter light com pared to the residents in 
CH4.
In CH6 the 17000 K  light condition occurred during the w inter m onths and so the 
contribution o f  natural light to the tim e that residents spent in  light levels greater than  500 
lux w as reduced. This fact m ay be reflected in  the overall m ean tim e that residents spent 
in light levels greater than  500 lux during the 17000 K  light condition in  CH 6 (22 ± 1 4  
m inutes) w hich w as low er in  com parison to  the sam e light condition in  CH 4 (57 ±  80 
m inutes) and CH5 (54 ±  48). C om pared to  CH5 the participants in  CH 6, how ever, spent 
m ore tim e in  their ow n room s and frequented the study room s during lunch tim es and 
activities only, w hich could also account for the difference in  tim e spent > 500 lux. The 
significant difference observed in  CH6 w as betw een the tim e spent in  light >  500 lux 
during the 17000 K  light condition com pared w ith  W O. The m ean tim e during BL (14 ± 
17 m inutes) w as com parable to that during the 17000 K  light condition (22 ± 1 4  m inutes) 
w hich w ould indicate that during the late sum m er m onths residents in  CH 6 w ere exposed 
to higher levels o f  natural light w hen com pared to residents in  CH5 (BL 6 ±  10 m inutes).
In CH8 the study began at the sam e tim e o f  year as CH 4 and had the sam e order o f  light 
conditions. A s w as the ease in  CH4, participants in  CH8 spent significantly  m ore tim e in 
light levels > 5 0 0  lux during the 17000 K  light condition (103 ±  97 m inutes) com pared to 
the BL light condition (23 ±  30 m inutes). H ow ever, it is m ore likely that residents in  CH8 
spent m ore tim e exposed to natural light com pared to residents in CH 4, due to the greater 
m ean tim e spent in lux levels > 5 0 0  lux during W O  and the 4000 K  ligh t conditions (CH8 
4000 K  31 ± 5 0  m inutes, W O 44 ±  41 m inutes, CH4 4000 K  13 ±  23 m inutes, W O  20 ±  
29 m inutes).
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4.S.2.3 Time spent in light above 1000 lux
It w as hypothesised that there w ould be no difference betw een the tim e spent in light 
levels greater than  1000 lux betw een participants in  different light conditions. It w as 
assum ed that light levels greater than  1000 lux w ould  only be recorded from  participants 
exposed to natural light because the A W L, being w orn on the w rist, w ould not record > 
1000 lux from  the 17000 K  lights. In four o f  the seven eare hom es (CH4, CH5, CH6 and 
CH8), how ever, participants spent significantly m ore tim e in  lux levels >  1000 lux during 
the 17000 K  light condition com pared to other light conditions. The seasonal effect o f  
natural light probably contributed to the significant differences observed in  CH 4, CH5 
and CH8 as the 17000 K  light condition occurred during a long natural photoperiod in 
these eare hom es. A dditionally  the effect o f  natural light in  different seasons can be seen 
in CH4 and CH6 participants. There w as a significant difference betw een the W O  and BL 
light conditions (Table 4.6) w here the condition that fell w ith in  a long natural photoperiod 
had the h ighest m ean tim e > 1000 lux (CH4 BL in  w inter 1 ±  1 m inute >  1000 lux per 
day, W O early spring 6 ±  9 m inutes > 1000 lux per day, CH6 BL in  late sum m er 7 ±  10 
m inutes > 1000 lux per day, W O in w inter 1 ±  3 m inutes >  1000 lux per day).
It is possible that the A W Ls detected higher lux levels than  originally estim ated from  the 
17000 K  light condition and this was dem onstrated in  CH 6 participants. The 17000 K  
light condition w as during the w inter and participants spent significantly m ore tim e (6 ±  6 
m inutes) on average in light levels >  1000 lux w hen com pared to the W O  light condition 
(1 ±  3 m inutes). A s discussed in  chapter 3, the light levels recorded from  the 17000 K  
lights at 1.6 m etres from  the ground (during the n ight in  the vertical plane) w ere 752 ±  11 
lux. For a  participant A W L to p ick  up lux levels > 1000 lux it w ould  have to be facing 
directly tow ards (in the horizontal plane) and relatively close to  the light source. This 
could have occurred during arm  chair exercise sessions or one o f  the other organised 
activities.
In C H I the 17000 K  light condition also occurred during w inter. The m ean tim e spent 
above 1000 lux during the 17000 K  light condition (6 ±  11 m inutes) w as sim ilar to 
participants in  CH 6 (6 ±  6 m inutes) as w as the m ean for the W O light condition (CH 6 1 ±  
3 m inutes and C H I 1 ±  1 m inutes). N evertheless this difference did not reach statistical 
significance in C H I (probably due to low  participant num bers) and there appeared to be 
very little difference betw een w eeks in each light condition as presented in  Figure 4.2 B.
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A lthough the results in  CH7 did not reaeh statistical significance, the m ean tim e spent in 
light during the first three w eeks o f  the 17000 K  light condition (Figure 4.5B) also 
appeared to be h igher than  in  the B L and W O light conditions. The 17000 K  light 
condition w as during the w inter in  CH7 and participant tim e in  light >  1000 lux is 
com parable to that observed during the 4000 K  light condition during the spring. It is 
m ost likely that natural light exposure during the spring increased the tim e that 
participants spent in light > 1000 lux during the 4000 K  light condition.
It appears that the A W Ls have in  fact detected higher lux levels from  artificial light than 
w as originally thought possible from  the position  on the participant’s w rists during the 
17000 K  light condition. This could not be distinguished from  natural light in  som e eare 
hom es, for exam ple CH8 during the 17000 K  light condition, because th is light condition 
started during the spring. N evertheless in  CH8 significantly greater tim e (60 ±  70 
m inutes) w as spent in light >  1000 lux during the 17000 K  light condition com pared to 
BL (9 ±  13 m inutes) and the 4000 K  light condition (13 ±  25 m inutes).
4.5.2.4 Time spent in light above 2000 lux
The tim e that participants spent in  light levels greater than  2000 lux w as hypothesised to 
be the sam e during all light conditions due to this being caused by  bright natural light 
exposure. The only statistically significant difference betw een conditions w as found 
betw een BL in CH4 (0 ±  0 m inutes) and its 17000 K  light condition (4 ±  4 m inutes) 
(Table 4.7). A lthough th is difference w as sm all, it w as not unusual, and fits w ell w ith  
differences discussed in  the tim e above other threshold  values in  the previous sections. 
The participants in  CH 4 w ere not exposed to h igh lux levels for a  long tim e w hen 
com pared to other eare hom es during a  season w ith  a long natural photoperiod. 
Participants in  CH 7 and CH8, for exam ple, w ere exposed to light > 2000 lux for 19 ±  30 
m inutes and 23 ±  26 m inutes during the 4000 K  and 17000 K  light conditions, 
respectively during the spring (Figure 4.5B and D show  an increasing trend, from  w eek 
one to w eek four in CH7 and CH8 during the respective light conditions). The low  
num ber o f  participants in CH7 and CH8, the h igh variability  (SEM ) and the h igher tim es 
spent in lux levels >  2000 lux in  the other light conditions are probably  the reason for the 
lack o f  significant differences betw een light conditions in  these tw o eare hom es.
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A lthough C H I had tw o room s w ith  the highest recorded m edian lux level (O xford lounge 
593 lux and G arden lounge 578 lux) across the daytim e (chapter 3, table 3.13), no 
statistical difference w as found betw een any light conditions for any o f  the participant 
threshold  lux level data. This finding could be due to the variable quality  o f  the data 
obtained from  C H I (see section 4.4.1 and 4.5.1) related to the A W Ls being covered by 
clothing as w ell as the low  participant num bers.
4.5.3 Time spent in light and the effect of the 17000 K light condition
4.5.3.1 Time spent in light above 100 lux
A lthough it w as hypothesised that there w ould be no significant difference in  the tim e 
participants spend in  light levels > 1 0 0  lux in any o f  the light conditions, w hen all study 
participants w ere grouped together, the tim e spent in  the 17000 K  light condition w as 
significantly higher than  the W O  and BL light condition. W ith  the 17000 K  lights in  place 
residents spent 77 and 83 m inutes m ore in  light levels greater than  100 lux com pared to 
the eare hom e original lights during BL and W O  conditions, respectively. A lthough 
residents spent 63 m inutes m ore in light levels greater than  100 lux during the 17000 K  
light condition com pared to the 4000 K  light condition, th is difference did not reach 
statistical signifieanee. A dditionally  there w as no difference betw een the 4000 K  light 
condition and the BL and W O  light conditions for the tim e spent in  light levels greater 
than  100 lux, a trend that w as follow ed for all the light threshold  values investigated.
To date no studies have reported the m ean tim e that eare hom e residents spend in  light 
levels above 100 lux over the course o f  a  m onth  and m ade com parisons w ith  an  increased 
artificial light environm ent. The closest com parisons have been m easured in  com m unity  
dw elling older populations w earing w rist m ounted light data loggers in  the  E spiritu  et al. 
study (1994) and the Seheuerm aier et a l study (2010). In  the Espiritu  study 150 
com m unity residing participants (aged 40 -  64 years) w ere reported  to spend a m edian  o f  
192 m inutes per day in light levels above 100 lux. This is not com parable to  the 170 
m inutes achieved during the 17000 K  light condition in  th is study because it w as a  m ean 
value not a m edian. In com parison Seheuerm aier et al. (2010) show ed that com m unity  
residing older participants (aged 66.01 ±  5.83 years) w ere exposed to  light levels > 1 0 0  
lux for 38%  o f  the w aking day during the course o f  3 - 8 days. This equates to  a  m uch 
larger m ean, com pared to the current Espiritu  et a l study (1994), o f  340 m inutes per day.
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In the Scheuerm aier et a l  study (2010) older participants spent m ore tim e in light levels 
above 100 and 1000 lux com pared to a  younger group o f  participants (aged 23.4 ±  4.5). 
This difference betw een older com m unity dw elling people and younger groups o f  people 
has been reported previously in  one other study (Cam pbell et al, 1988). In  th is study 7 
out o f  10 older adults (aged 5 5 - 8 1  years) spent m ore tim e in  brighter light (> 2000 lux) 
com pared to 5 out o f  10 younger adults (aged 2 1 - 4 2  years). W hen the m ean tim es per 
day (in light >  2000 lux) w ere com pared for the  tw o groups, how ever, the older adults 
spent 30 m inutes less per day (in  light >  2000 lux) com pared to the younger adults. The 
results from  these studies serve to h ighlight potential differences betw een age groups and 
social dem ographics, for exam ple the (retirem ent age) com m unity dw elling dem ographics 
o f  older people com pared to  the care hom e dw elling older population. The C am pbell et 
al study (1988) also highlighted the level o f  individual variability  that can  be present in  a  
study sam ple w hen m easuring light exposure tim es and the effect this can have w hen 
sam ple sizes are small.
4.S.3.2 Time spent in light above 500 lux
The tim e that residents spent in  light levels greater than  500 lux w as hypothesised to be 
highest during the 17000 K  light condition due to the lux level to w hich these lights had 
been set. This trend w as true in  all care hom es apart from  CH I ,  and w as significantly  
different in  four out o f  seven care hom es (CH 4, CH5, CH6 and CH 8). W hen all 
participants w ere grouped together the 17000 K  light condition increased the m ean  tim e 
that residents spent in  light levels > 500 lux by 44 m inutes and 41 m inutes com pared to 
BL and W O, respectively. D ue to the cross over design o f  th is study, in  w hich the 17000 
K  light condition occurred during a long natural photoperiod for participants in  CH2, 
CH4, CH5 and CH8 (n =  28) and a short natural photoperiod for participants in  C H I ,  
CH6 and CH7 (n = 16), the effect o f  the 17000 K  lights w as unlikely to  be caused by 
seasonal variation in  natural light alone. It could be argued that the tw o groups w ere no t 
balanced, w hich w as partly  caused by the w ithdraw al o f  CH3, consequently resulting  in  a 
greater num ber o f  participants in the 17000 K  light condition that fell during a long 
natural photoperiod. The results from  CH 6 alone (n =  8), how ever, w ere significantly  
higher even though the 17000 K  light condition fell w ith in  the short natural photoperiod. 
The results from  C H I are likely to be confounded by other factors discussed in  chapter 2 
and 3, w ith regards to the inappropriate use o f  the 17000 K  lights and the fact tha t th is
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was the first care hom e to be studied. A dditionally the low  num ber o f  participants in CH7 
w ould m ean that the trend o f  h igher tim e spent in  light > 5 0 0  lux during the 17000 K  light 
condition could not reach statistical significance.
A lthough tim e spent in  light > 1000 and >  2000 lux has been investigated by other 
research groups, to date no other studies have published data on tim e spent in  light levels 
greater than  500 lux in  older people living in  care hom es. One study investigated and 
found no differences betw een m iddle aged (aged 40 - 58 years) and a group o f  young 
(aged 22 - 39 years) individuals, for the tim e spent in  light levels betw een 500 and 1000 
lux (K aw inska et al, 2005) The result o f  39 ±  7 m inutes (m ean ±  SEM ) for the m iddle 
aged group (tim e > 500 < 1000 lux) are not com parable to the results in  the current study 
as it does not include the tim e > 1000 lux. The tim e above 1000 lux, how ever, w as also 
included separately, (tim e >  1000 lux = 87 ±  19 m inutes) in  the paper and a com bination 
o f  the tw o results (sum m ed) gives a  value o f  126 m inutes. A lthough th is w as a 
com parison w ith  a  younger age group, the difference betw een the tim e spent above 500 
lux com pared to the care hom e resident population in  the current study is huge (BL 13 ± 
23 m inutes, W O 16 ±  26 m inutes). The supplem entation o f  lighting during the 17000 K  
light condition in the current study, how ever, gave a m ean tim e in  light above 500 lux o f  
57 ±  65 m inutes. W hen the tim e above 1000 lux w as deducted from  the tim e above 500 
lux ( 5 7 - 2 3  m inutes) the value o f  34 m inutes becom es com parable to  the 39 ±  7 m inutes 
recorded in  the 500 - 1000 lux range for the  m iddle aged group in  the K aw inska et al 
study (2005). The high variability  in  tim e spent > 500 and >  1000 lux in  the current study 
is sim ilar to that reported in  the K aw inska et a l study (2005) (although SEM  w as 
reported the SD calculated from  the data in  the paper for tim e >  500 <  1000 lux is 29 
m inutes). This variability is reflected in  the SD values not only for tim e above 500 lux for 
the 17000 K  light condition but for all light threshold values and light conditions 
analysed. This finding indicates that participants w ere not exposed to a  hom ogenous level 
o f  lighting, w hich w as expected given the different care hom e environm ents, individual 
habits, differences in season and w eather, the num ber o f  participants and the duration o f  
each light condition.
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4,5,3,3 Time spent in light above 1000 lux
Installation o f  the 17000 K  lights increased the tim e participants spent in  light levels
greater than 1000 lux by 17 m inutes on average per day com pared to  BL and 17 m inutes 
per day com pared to W O. A s discussed in  the previous sections, it w as not anticipated 
that the w rist w orn A W Ls w ould detect artificial light levels greater than  1000 lux and 
that natural light exposure w ould have the greatest contribution tow ards the tim e 
participants spent in  light levels >  1000 lux. A lthough a previous study (O kudaira et al, 
1983) reported a close association betw een w rist w orn A W L data and that recorded in  the 
direction o f  gaze from  the forehead (m ean correlation o f  0.76), it is unlikely to give exact 
levels at the eye. N evertheless an uncovered A W L on a seated person is likely to  be 
facing directly tow ards the overhead light source and as the m ajority  o f  residents spent 
m ost o f  the daytim e seated in  the com m unal room s/dining room s it goes som e w ay to 
explaining the am ount o f  tim e spent in  light levels > 1000 lux.
The apparent difference in  light exposure tim es betw een com m unity dw elling and
institutionalised older people has been highlighted in other studies but m ostly  for tim e in 
m uch brighter light conditions (tim e >  1000 and > 2000 lux). N otably  th is w as reported 
by Shochat et a l (2000) w here 66 nursing hom e patients w ere exposed to a  m edian  o f
10.5 m inutes per day (m ean 34 m inutes) o f  light levels greater than  1000 lux. O ther 
studies have reported (m ean) tim es o f  39.5 and 47.5 m inutes (> 1000 lux per day) in 
insom niac and healthy care hom e residents, respectively (M ishim a et al, 2001); 9 and 1 
m inute (m edian tim e per day > 1000 lux) in  m ild  to m oderately dem ented and severely 
dem ented care hom e residents, respectively (A ncoli-Israel et al, 1997). This is in  
com parison to a  m edian o f  58 m inutes (Espiritu  et al, 1994), (m ean) 59-61 m inutes 
(Staples et al, 2009), 86.8 m inutes (K aw inska et al., 2005) in  studies investigating the 
tim e spent in light > 1000 lux for com m unity dw elling older individuals. In the  current 
study, w hen all participants w ere grouped together, they spent (m ean ±  SD) 6 ±  13 (BL) 
and 6 ±  12 (W O ) m inutes in  light levels >  1000 lux under the care hom es original lights, 
w hich w as low er than  all the other studies that have reported  m ean tim e. A lthough the 
results o f  the M ishim a et a l (2001) study w ere higher than  the current study, the data 
collection period w as sm aller (one w eek during BL) and the sam ple num ber w as very  
sm all (3 participants in the elderly healthy group and 3 in  the elderly  insom niac group). 
The sam e is also true for the Shochat et a l (2000) study w here although the participant 
num ber w as m uch higher (n = 66) the data collection period w as ju s t 3 days.
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One o f  the m ajor differences betw een the current study, the M ishim a et al. (2001) and 
Shochat et al. (2000) studies is the latitude o f  data collection. The current care hom e 
study w as the m ost northerly  study, w ith the h ighest latitude to  date (51 ° N ).The 
difference in  tim e spent in  light (> 1000 lux) could be due to the h igh variability  in 
daylight hours w ith  changes in  season in  the U K  com pared to 39 ° N  in  A kita city Japan 
(M ishim a et al, 2000) and 33 ° N  in  San D iego C alifornia (Shochat et al, 2000).
4,53.4 Time spent in light above 2000 lux
W hen all participants w ere grouped together, there w as no significant difference betw een 
the light conditions for the  tim e spent in  light levels greater than  2000 lux. This is in  line 
w ith  the original hypothesis and indicates that tim e spent in  natural light w as consistent 
and low  throughout the study. A s discussed in  the previous section (section 4.5.3.3), 
Shochat et al. (2000) found that the tim e that care hom e residents spent in  light levels 
greater than  2000 lux to be 19 ±  39 m inutes. This value w as higher than  that found in  the 
current study for the BL (3 ±  7 m inutes) and W O  (2 ±  5 m inutes) conditions and w hen all 
the w eeks w ithin the different light conditions w ere com bined (4 ±  7 m inutes. Table 4.9). 
This difference could be due to the season in  w hich the two studies w ere conducted 
(discussed in m ore detail in section 4.5.3.5) or the difference in latitude. U nfortunately  
seasonal inform ation about the data collection in  the Shochat et a l (2000) study w as not 
published. In com parison to studies that have looked at the m ean tim e in  light >  2000 lux 
in  younger adults, the current study found that elderly care hom e residents spent far less 
tim e in w hat is the equivalent o f  natural light exposure. For exam ple, Savides et a l 
(1986) found that young (aged 2 1 - 4 2  years) adults spent on average 90 m inutes in  light 
levels exceeding 2000 lux.
4.5.3.5 Seasonal difference in light exposure
In addition to the reduced quantity o f  tim e that care hom e residents spent in  outdoor light 
levels (> 1000 lux and > 2000 lux), th is study has also found a seasonal difference. 
A lthough this w as not one o f  the explicit aim s o f  the study in  term s o f  the study design, 
com parisons o f  the BL and W O data (the care hom es original lights) in  all care hom es 
revealed that the m ost tim e in light levels w as during the condition that fell w ith in  a long 
natural photoperiod. This trend w as true for all threshold  values in  all care hom es, except
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for CH 7 in the tim e spent in  light > 2000 lux. The seasonal difference betw een W O and 
BL conditions reached statistical significance in  the tim e > 1000 lux in  CH 4 and CH6. 
A lthough the difference w as not statistically significant in  the other care hom es and 
threshold values, w hen all participants w ere grouped together, there w as a significant 
difference in  the light data that fell w ith in  a long natural photoperiod com pared to  a  short 
natural photoperiod. This difference w as significant for the tim e above 100, 500, 1000 
and 2000 lux.
Seasonal differences in  light exposure tim es have been reported previously  from  both 
subjective data collection (Eastm an, 1990; G raw  et al, 1999) and from  am bulatory data 
recordings (Cole et al, 1995; H ebert et al, 1998; H iguchi et al, 2007; T hom e et al, 
2009) in  a  variety  o f  age groups and people. In the Cole et a l  study (1995) significant 
differences w ere observed in  the tim e spent in  light levels >  1000 lux and > 10,000 lux 
betw een sum m er and w inter in  two cities w ith  different latitudes. B oth  cities show ed 
increased tim e spent in  light during the sum m er com pared to w inter, how ever, th is w as 
m uch m ore pronounced in  the city w ith  a  m ore northerly (higher latitude) location. 
A lthough the Cole et a l (1995) study included a w ide range o f  age groups (aged 2 1 - 7 6  
years) and a num ber o f  older individuals, to  date no studies have investigated the 
population o f  older people living in care hom es and so th is w arrants further investigation.
In the H ebert et a l (1998) study, the authors state that “ ...the sim ilarity  o f  the results 
supports their observation that age is not a  m ajor factor for bright light exposure, at least 
in  the range 18 to 57 years o f  a g e ....I t  rem ains possible, how ever, that seasonal variations 
can be m ore pronounced in older subjects living at a  northern latitude w here the w inters 
are colder” . The seasonal effects observed in  the current study partly  support th is 
conclusion, m ore so by the fact that the difference in tim e betw een the BL and W O  light 
conditions w as only four w eeks (from  the end o f  BL to the start o f  the W O  light 
condition); potentially  greater differences could have been observed betw een data 
collected from  care hom e residents in  m id w inter com pared to m id sum m er
4.5.4 Median 24 h lux profile comparisons
A lthough previous studies have questioned the validity  o f  looking at the absolute m ean or 
m edian value for daily light exposure in participants due to its inherent variability  (H ebert 
et al, 1998), these data proved valuable to look at 24 h  profiles for participants grouped
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by care hom e. C lear differences could be seen betw een the BL and W O  light conditions 
in CH I ,  CH2 and CH6, w here the BL light condition w as generally h igher throughout the 
daylight hours. A dditionally  as discussed previously  (section 4.4.4.1), there w as a h igher 
trend in  light level for the 17000 K  light condition in  all o f  the care hom es, except C H I 
and CH6, w ith  a  h igh peak during m idday, and at m eal tim es. It is possible that the low er 
17000 K  m edian hourly profile for participants in  CH6 w as the consequence o f  
participants spending m ore tim e in  their ow n room s com pared to the other care hom es. 
There w ere also problem s w ith  m isuse o f  the 17000 K  lights in C H I (chapter 3, section 
3.4.2.2.1) w hich m ay account for the low er participant light exposure during this light 
condition com pared to the o ther care hom es.
A lthough the results revealed that participants in  som e care hom es w ere exposed to 
brighter daytim e m edian light conditions com pared to  participants in  other care hom es, 
generally there w as a sim ilar trend in  all care hom es. The only exceptions w ere the 
participants in CH8 w hich had a m uch higher m edian hourly lux profile during the 17000 
K  and 4000 K  light condition com pared to the sam e light conditions in  all o f  the other 
care hom es. This could be the consequence o f  greater adherence to w earing the A W L 
over clothing and the fact that the activity lounge had the 3^ ^^  brightest daytim e m edian  lux 
level o f  all room s w ith  experim ental lights.
W hen all participants w ere grouped together, all light conditions follow ed the sam e trend  
o f  gradually increased light exposure from  08:00 h  to  a  peak  around 13:00 h, then  a 
gradual decrease in  m edian light exposure to 17:00 h  w hich peaked again at 18:00 h  and 
then  gradually dropped dow n to very low  levels. A lthough participants in  the 17000 K  
light condition alw ays had  higher light exposure from  08:00 - 20:00 h  com pared to  all 
other light conditions, this w as still m uch low er than  the w aking hour m ean lux profiles 
dem onstrated in  a  study by Scheuerm aier et al. (2010) in  o lder com m unity dw elling 
participants. H ow ever, m ean data w as used to  create the hourly  lux profiles com pared to 
the m edian in  the current study. These d ifferences betw een daytim e m ean and m edian 
data have been observed by Shochat et al. (2000), w here m ean daytim e light exposure 
was 485 lux com pared to a  m edian o f  52 lux in  nursing hom e residents. A s there can be 
quite a large variation in lux exposure over a  given period o f  tim e, especially  during the 
daytim e, the m edian probably gives a  better indication o f  the central tendency o f  the data 
set (chapter3, section 2.4.2.4).
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The observed second peak  from  18:00 h  in  the 24 h  lux profile data in  the current study, 
very likely reflects the exposure o f  residents to artificial lighting as the light profile from  
08:00 to 16:00 clearly follow s a pattern  o f  natural light exposure. C ertainly in  som e care 
hom es the second peak in  light exposure coincided w ith  the evening m eal. In C H I the 
dining room  (not installed w ith  experim ental lights) had large south and south  w esterly 
facing w indow s and w as w ell lit w ith  artificial lights. In all light conditions in  C H I there 
w as a clear peak  that coincided w ith  dinner tim e that w as identical in  all light conditions. 
This sam e pattern  w as evident in  CH7 for the sam e reason, how ever, the 17000 K  light 
condition peak w as h igher because experim ental lights had also been installed  in the 
dining room s. In CH2 the second peak, only evident in  the 17000 K  light condition, w as 
the result o f  residents com ing back into the lounge room s after eating in the dining room  
w hich w as not as w ell lit. In CH5 and CH 6, although lights had been  installed  in  the 
dining room s, residents m ore frequently  ate in  their ow n room s so the second peak  w as 
not present. In  CH4 and CH8 the dining room s w ere not w ell lit by  the original light 
fitm ents and th is peak  w as only present during m eal tim es in  the 17000 K  light condition. 
In sum m ary, individual light exposure in  the early evening appeared to depend to  a  large 
extent on the current lighting in  the dining room s and the routines o f  the care hom e 
residents.
4.5.5 Median lux and the effect of the 17000 K light condition
The m edian lux level recorded betw een 07:00 and 23:00 h  for all participants during the 
BL, W O and 4000 K  light condition w as sim ilarly low  at 20, 18 and 25 lux, respectively. 
The effect o f  the 17000 K  light condition w as an increase in  m edian daytim e lux level by 
22 lux com pared to BL and by 24 lux com pared to  W O. There w as also an increase o f  17 
lux com pared to the 4000 K  light condition, bu t this did not reach statistical significance. 
The m edian daytim e lux level o f  42 m easured during the 17000 K  light condition  is 
com parable to the m edian o f  52 lux recorded by  Shochat et a l (2000), although th is w as 
only m easured over a  period o f  three days. This level w as also h igher than  w hat w as 
recorded for the care hom es original lights in  the current study, although, as discussed 
previously (section 4.5.3.5) this could be due to seasonal/latitudinal differences. V ery  few  
studies have reported absolute m ean or m edian daily/daytim e lux levels in  th is way, 
preferring instead to report tim e in light above set threshold values, thus m aking it 
difficult to  draw  com parisons. In one study conducted in  San D iego (Jean-Louis et al,
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2000), 273 participants (aged 40 to 60 years) w ere exposed to  a m edian o f  297 lux over 
the course o f  three days. The researchers in  th is study also found that the light data m esor 
w as skew ed and so reported m edian as w ell as the m ean light data. The m ean value o f  
daytim e lux exposure (554 lux) w as alm ost double the m edian value o f  297 lux. 297 lux, 
how ever, is m uch higher than  the m edian o f  20 and 18 lux recorded in  the current study 
(during BL and W O, respectively) and serves to  em phasis the overall difference in light 
exposure for older com pared to  younger individuals.
The low est recorded m edian daily lux level m easured in  the current study w as 9 lux in the 
W O  condition in  CHI .  This w as during a natural short photoperiod and w as counter to 
w hat w as expected from  participants in  C H I as it contained two o f  the brightest room s 
out o f  all room s m easured in  the study (chapter 3 Table 3.8). H ow ever, as w as discussed 
previously (section 4.5.1), som e participants regularly  w ore the A W L under clothing in 
C H I w hich w ould account for the persistently  low  m edian lux values regardless o f  light 
condition.
4.5.6 Observations
O bservations w ere m ade o f  participants four tim es a day once a  w eek  during the study 
and although this w as only a snapshot o f  the average day for participants, it w as clear that 
the m ajority o f  participants had very regim ented daily routines that varied little from  one 
day to the next. Even w ith  different activities organised in  som e o f  the care hom es, for 
different days o f  the w eek, these w ould often take place in  the sam e com m unal room s at 
the sam e tim es each day as w as the case w ith  m eal tim es.
For 29%  o f  the observations residents w ere observed aw ake in  one o f  the study room s. 
This value m ay appear low  especially given that in  CH4, CH 5, CH 6, CH7 and CH8 the 
experim ental lights had been fitted into dining room s, how ever, the observations w ere set 
to begin  at fixed periods that did not cover m eal tim es. I f  observations had been included 
at m eal tim es, this value w ould have been m uch greater. The experim ental lights w ere not 
installed in  the dining room s in  C H I and CH2 w hich is w hy m eal tim e observations w ere 
not included in the original study design.
D uring all light conditions the participants w ere observed as aw ake in the study room s for 
a  sim ilar percentage o f  tim e. The residents w ere free to spend as little or as m uch tim e in
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the com m unal room s w ith  the experim ental lights installed as they w ished. The lack o f  a 
difference betw een the light conditions for the tim e spent in  the study room s signifies a 
level o f  acceptability o f  the lights or at least indifference com pared to the original light 
arrangem ent. This w as no t true, how ever, o f  every participant or other non  participating 
care hom e residents and s ta ff as w as the case in  C H I (chapter 3, section 3.4.2.2.1) and to a 
certain extent in  CH5 (chapter 3, section 3.4.2.2.4).
A s a subcategory o f  observations, there w as an apparent difference betw een the 
percentage o f  tim e aw ake in  the study room s and napping in  the study room  during the 
4000 K  light condition (17% ) com pared to all other light conditions (BL 11%, W O  11% 
and 17000 K  10%). N otably  this difference w as largely seen in the num ber o f  napping 
observations during the 4000 K  light condition in  CH5 w hich w ere m uch higher than  all 
other observations in  the other light conditions. In  th is care hom e the residents w ere also 
found to be exposed to natural light less frequently com pared to all other care hom es and 
the study room s had som e o f  the low est daytim e m edian lux levels recorded (chapter 
3,Table 3.13). It seem s unlikely, how ever, that the increased napping w as the result o f  the 
lux levels during th is light condition as the care hom e original lights w ere at a  sim ilar 
level, although not evenly distributed.
W hen all participants w ere grouped together, it w as anticipated that the num ber o f  
observations in  the study room s w ould correlate w ell w ith  the tim e per day spent in  light 
levels greater than  100, 500 and 1000 lux during the 17000 K  light condition. H ow ever, 
only tim e > 100 lux reached a  significant positive correlation betw een these tw o 
param eters (Figure 4.12). The lack o f  a  significant correlation in  the tim e spent >  500 lux 
w as surprising given the findings in  the tim e spent > 1 0 0  lux but this w as probably  caused 
by a few  people that spent m ore tim e outdoors in  natural light. It is also possib le that 
som e participants spent less tim e in the study room s but sat near a  w indow  in o ther areas 
o f  the care hom e. These data w ere not collected in  the present study.
4.5.7 Limitations
The current study w as lim ited in  a  num ber o f  w ays. F irstly  the length o f  the BL condition  
was ju s t one w eek long com pared to three and four w eeks in  the other light conditions. 
A lthough the design o f  the study was intended to be restricted to the darker w inter m onths 
to control for the influence o f  natural light, a  clearer com parison could have been
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achieved i f  the BL had been extended a  few  weeks. In addition it w ould  have been 
interesting to look at a  fo llow  up post study period to  look at the effect o f  natural light 
w ithout the experim ental lights on. H ow ever, due to tim e and recruitm ent pressures and 
w orking around seasonal holidays, extending the study to beyond 12 w eeks w ould have 
been im practical.
Secondly the light data that w ere gathered from  the individuals using the A W L did not 
quantify the spectral com position o f  the light that participants were exposed to. A lthough 
the spectral com position o f  the care hom e’s original lights and the experim ental lights 
w as m easured, this rem ains an unknow n for the individual light exposure. Recent 
developm ents o f  am bulatory light m onitors that can m easure the am ount o f  blue, red and 
green light a  person is exposed to w as dem onstrated by Thom e et a l (2009) w ill be useful 
in  future studies.
Finally the m easurem ent o f  light levels from  the w rist w ill only gather the m inim um  light 
exposure o f  an individual. There is still som e debate as to how  w ell w rist level light 
m easurem ents com pare to  light levels at the eye. Regardless o f  the distance betw een the 
two positions, how ever, the A W L can also be covered up by clothing w hich is a  d ifficult 
problem  to w ork around especially am ong this study population in the autum n and w inter 
m onths. Future developm ents o f  light m onitors w orn near the eye (B ierm an et al, 2005), 
w orn as glasses, as dem onstrated in  a  study by R ea et a l (2008) m ay m inim ise this 
problem .
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CHAPTER FIVE 
THE EFFECT OF LIGHT ON THE 
CIRCADIAN RHYTHM OF REST AND 
ACTIVITY IN OLDER PEOPLE
5 The effect of light on the circadian rhythm of rest-activity in older 
people
5.1 Introduction
Changes in  circadian rhythm s, alterations in the hom eostatic m echanism  and a reduced 
light input signal are all postulated to contribute to the observed prevalence o f  sleep 
related problem s in  older people. These problem s include early m orning aw akenings (Abe 
and Suzuki, 1985), difficulty in  initiating or m aintaining sleep (Foley et al, 1995) and 
daytim e sleepiness. A ge-related changes in  circadian rhythm s are w ell docum ented in 
anim al studies (V alentinuzzi et al, 1997; W einert, 2000), in  particular the reduced 
am plitude o f  rest-activity rhythm s, changes in  the tim e o f  activity onset and m ore 
fragm ented rhythm s have been observed. In hum ans age-related alterations in  the 
am plitude and tim ing o f  endogenous circadian rhythm s have been observed in  core body 
tem perature and m elatonin (C zeisler et al, 1992; D uffy et al, 1998; M ishim a et al,
2001). The consequence is an altered phase angle betw een the tim ing o f  the core body 
tem perature (CBT) nadir and/or the m elatonin  acrophase and the habitual w ake tim e, 
w hich occurs at an earlier circadian phase com pared to younger people. In older people a  
reduced circadian drive for sleep during the early m orning (w hen it is at its peak  in 
younger people), is the postulated reason for the earlier w ake up tim e (D uffy et al, 1998; 
D uffy et al, 2002; C ajochen et al, 2006). The earlier w ake up tim e also coincides w ith  
the h igh am plitude phase advance portion o f  the light PR C that m ay further reinforce the 
advanced phase position  o f  the endogenous circadian rhythm .
A s discussed previously there are three key elem ents to the clock system  in hum ans that 
m ay w eaken w ith age and potentially  lead to  altered circadian rhythm s, (i) input signal to 
the circadian oscillator from  the zeitgeber, the m ost prom inent being light detected by  the 
intrinsically photosensitive retinal ganglion cells (ipRG C); (ii) the central circadian 
oscillator (SON neurons o f  the anterior hypothalam us) that coordinates biological 
rhythm s; (and) (iii) the output signal from  the central circadian oscillator, that transm its 
phase and periodicity  inform ation to other parts o f  the brain  and body.
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Som e o f  the age-related changes that effect elem ents o f  the clock system  include:
Input signal (eye)
•  Increased lens opacity and density that specifically reduces short w avelength  light 
( -4 0 0  nm ) from  reaching the retina (C oren and Girgus, 1972; Sm ith and Pokom y, 
1975)
•  The form ation o f  crystalline aggregates that increases scattering o f  light (Jedziniak 
et al, 1975)
•  D im inished pupil diam eter (B itsios et al, 1996; Turner and M ainster, 2008)
•  The general reduction in  optical health  due to  the form ation o f  glaucom a, cataracts 
and m acular degeneration w ith  advancing age
•  A ttenuated acute m elatonin suppression response to  short w avelength  light 
(H erljevic et al, 2005)
•  R educed am plitude in the diurnal oscillation o f  A V P-expressing neurons tha t have 
neuronal efferents to other parts o f  the brain  and m ake up one o f  the m ain  output 
pathw ays from  the SON (H ofm an and Sw aab, 1994)
•  Reduced num ber o f  A V P-expressing neurons in  people above 80 years o f  age 
(Swaab a/., 1985)
•  Changes in  neurons o f  the SON are m ost evident in  individuals over 80 years o f  
age or in A lzhem iers patients (Swaab et al, 1985)
•  The form ation o f  tangles and pre tangles in  the SON o f  A lzheim ers patients 
(Swaab et al, 1992; van de N es et al, 1998; Stopa et al, 1999)
A s discussed previously these factors reduce the potential for adequate photoentrainm ent 
o f  endogenous circadian rhythm s in older people w hich, in  older care hom e residents, 
m ay be am plified by a lack o f  exposure to bright natural light. Recent studies have show n 
that spending tim e outdoors in  old age is a  predictor o f  functional capacity  and other
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health  related variables (Kono et al, 2004; Jacobs et al, 2008; Shim ada et al, 2010). 
A lthough a num ber o f  factors have been suggested for the reason behind the positive 
findings in  these studies, including increased social contact, m aintained independence and 
increased physical activity, the potential benefits as a  consequence o f  increased natural 
light exposure should also be considered.
Recent studies w ith  care hom e residents have investigated the effect o f  increased artificial 
light exposure on sleep and the circadian rhythm s o f  m elatonin, tym panic tem perature 
and activity (V an Som eren et al, 1997; Lyketsos et al, 1999; M ishim a et al, 2001; 
Sloane et al, 2007; D ow ling et al, 2008; R iem ersm a-van der Lek et al, 2008; V an H oof 
et al, 2009). These and other studies have found encouraging results, especially in 
populations o f  individuals suffering w ith  A lzheim ers dem entia. H ow ever, the 
effectiveness o f  artificial light as a  form  o f  intervention for rest-activity  rhythm  
disturbances in  the care hom e environm ent has not yet been w ell defined. Previous 
studies have looked at the tim ing o f  bright light therapy and have found im provem ents 
from  m orning bright light intervention (A ncoli-Israel et al, 2002; Fetveit and Bjorvatn, 
2004; D ow ling et al, 2005a; D ow ling et al, 2005b; Fetveit and B jorvatn 2005; D ow ling 
et al, 2008), afternoon bright light interventions (D ow ling et al, 2005b), evening bright 
light interventions (A ncoli-Israel et al, 2003a) and all day bright light (V an Som eren et 
al, 1997; R iem ersm a-van der Lek et al, 2008; V an H o o f et al, 2008). By contrast, others 
have found very  few  positive results (C olenda et al, 1997; O uslander et al, 2006; V an 
H o o f et al, 2009). Due to the m ixed results o f  these previous studies and the practical 
lim itations o f  using fixed position  light boxes under supervision, m ore recent light studies 
have used an all day light intervention from  over head lights.
To date the effect o f  the spectral com position o f  polychrom atic light has been exam ined 
in care hom e residents (V an H o o f et al, 2008; V an H o o f et al, 2009) on tym panic 
tem perature rhythm s. The effect o f  light w ith  d ifferent spectral com position on rest- 
activity rhythm s has not been investigated. Furtherm ore previous studies have been 
lim ited in the duration and range o f  intensity o f  the  light intervention as w ell as the 
num ber o f  participants and range o f  care hom e facilities included. A dditionally , previous 
light intervention studies have focussed on the dem ented elderly population, leaving the 
non-dem ented elderly care hom e population that m ay also suffer w ith  disturbed rest- 
activity rhythm s, unexplored.
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5.2 Aims and hypotheses
The aim  o f  th is study w as to investigate the circadian rhythm  o f  rest-activity  o f  
participants in  each care hom e during the w ashout (W O ), baseline (BL), 4000 K  and 
17000 K  light conditions. D ata collected from  the A ctiw atch-L  (AW L), activity  and light 
m onitors w orn by participants, w ere analysed using tw o m ethods:
1) Param etric circadian rhythm  analysis (cosinor)
2) N on-param etric circadian rhythm  analysis (N PCRA )
Full details o f  these m ethods are outlined in  chapter 2 (section 2.9.6.1 and 2.9.6.2).
The activity  data collected by the A W Ls w ere assessed w ith the aim s to:
1- D eterm ine param etric circadian rhythm  param eters during each light condition
Hypothesis 1: There w ill be a  difference in  param etric circadian rhythm  
param eters betw een different light conditions w ith  the greatest difference betw een 
the 17000 K  light condition com pared to all o ther light conditions
2- D eterm ine non-param etric circadian rhythm  param eters during each light 
condition
Hypothesis 2: There w ill be a  difference in  non-param etric circadian rhythm  
param eters during each light condition w ith  the greatest difference betw een the 
17000 K  light condition com pared to all o ther light conditions
5.3 Methods
The follow ing sections describe in  detail the participants that w ere originally  recruited  
into the study, com pleted the M M SE and all participants that w ore an A W L. A  
com parison o f  tim e course across the study w as m ade for both  the M M SE  and rest- 
activity param eters.
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5.3.1 Demographics of participants that completed the MMSE
A s a m easure o f  cognitive ability all participants in  the study (11 m ales, 69 fem ales; 
average age 86 ±  8 years) w ere asked to com plete the M M SE w ith the exception o f  
individuals w ith  im paired vision. In total, 49 individuals (Table 5.1) w ere able to 
com plete the M M SE once at the end o f  every light condition (6 m ales, 43 fem ales; 
average age 86 ± 8  years). The M M SE w as com pleted during the daytim e (09:00 - 17:00 
h) and w as used to  dem onstrate the possible effects o f  the lights on cognitive ability. 
A dditionally, changes in  M M SE w ere investigated in  all participants across the tim e 
course o f  the study. A s a consequence, the 49 participants w ere split into participants that 
received either the 4000 K  light condition first (2 m ales, 28 fem ales; average age 85 ±  8 
years. Table 5.2) or the 17000 K  light condition first (4 m ales, 15 fem ales; average age 86 
±  8 years. Table 5.3). A  com parison o f  the participant dem ographics from  these tw o 
groups is sum m arised in Table 5.15.
5.3.1.1 Statistical analysis
Statistical tests for norm ality o f  the data set revealed tw o out o f  four sets o f  data to be 
norm ally distributed using a Shapiro-W ilk test for norm ality. Subsequently the  data sets 
were analysed using repeated m easures A N O V A  and Friedm an’s 2-w ay A N O V A  o f  
ranks as a  non-param etric test. R epeated m easures tests w ere the m ost appropriate as only 
participants w ith  com plete data sets (n = 49) w ere included and there w ere equal num bers 
o f  participants M M SE scores for each light condition. U npaired Student’s t-tests w ere 
used to com pare the age and BL M M SE score o f  participants that w ere divided according 
to the light condition they received first.
5.3.2 Demographics of participants that wore an AWL
As discussed previously in  chapter 4, capable residents that participated at level 2 or 3 o f  
the study w ere given a w ristw om  A W L to wear. The m ethods for A W L set up, w eekly 
checks and data editing have been described (chapter 2). In the follow ing sections A W L 
w earing participants from  w hich activity data w ere included for further analysis are 
described.
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Table 5.1: Demographics of participants with complete MMSE scores (n = 49)
B aseline M edication categories
Code A ge Gender Mobility M M SE score AD A P Hyp Gly Dem
cmsoi 69 m FM 19*
C H 1S02 86 f WF 17
C H 1S03 81 f FM 15 y y y
cmso4 87 f WC 10 ✓
cmsos 88 f W S 21
cmso6 89 f WF 16 ✓
cmsos 88 f W S 28 ✓
C ff lS 0 9 83 f FM 17
C H ISIO 85 f W S 27 y
C H 2S01 95 f W S 21
C H 2S02 87 f W C 11 y y
C H 2S03 85 f WF 15
C H 2S05 89 f WF 21 y
C H 2S07 80 f WF 20 y
C H 2S08 71 m FM 29
C H 2S09 68 m FM 25 y
C H 2S10 89 f W S 24 y y
CH2S11 97 f W C 13*
C H 4S01 91 f FM 18 y
C H 4S02 93 f WF 25 y
C H 4S05 80 f W C 15* y
C H 4S07 87 f W C 14*
C H 4S08 88 f W C 12* y
C H 4S09 80 f FM 22 y y y
C H4S11 91 f W C 27
C H 4S12 89 f W C 17 y
C H 4S13 75 f W C 29
CH 5S03 84 WF 16 y
C H 5S04 82 f W C 17
C H 5S05 87 WF 15 y
C H 5S12 97 f W C 9
C H 5S14 75 f W C 19
C H 5S18 90 f W C 26 y
C H 5S20 87 f FM 18 y y
CH6S01 90 f W C 21 y
C H 6S02 92 f W C 17 y y
C H 6S03 84 f W C 11 y
C H 6S04 90 f W C 20 y
C H 6S05 94 f FM 28 y
C H 6S07 80 f W C 15 y y
C H 6S09 82 f W C 27
C H 6S10 85 f WF 18 y y
C H 7S04 85 f W C 6 y
C H 7S07 86 f W C 9 y
C H 7S10 96 f WC 18* y
C H 8S05 89 f WF 22
C H 8S07 59 f W C 20 y
C H 8S09 96 f WF 26
C H 8S10 90 m FM 26
Mean ±  SD 8 6 ± 8 1 9 ± 6
Total 49 6 m ,4 3  f 49 19 4 9 6 3
Max 97 29
Min 59 6
% o f total 39% 8% 18% 12% 6%
WC: wheelchair (n = 23, 47%), WS: walking with stick (n = 5, 10%), WF: walking with frame (n = 11, 
22.4%), FM: free mobility (n = 10, 20%), m: male, f: female, AD: antidepressant, AP: antipsychotic. Hyp: 
hypnotic, Gly: glaucoma medication, Dem: dementia medication, *: participants unable to write.
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Table 5.2: Demographics of participants with complete MMSE scores 4000 K light condition
first (n = 30)
Code
Baseline
Age Gender MoWlity MMSEscore
Medication categories
AD AP Hyp Gly Dem
c m so i 69 m FM 19*
c m so 2 86 f WF 17
CH1S03 81 f FM 15 y y  y
CH1S04 87 f WC 10 y
c m so s 88 f WS 21
CH1S06 89 f WF 16 y
CH1S08 88 f WS 28 y
CH1S09 83 f FM 17
c m s io 85 f WS 27 y
CH4S01 91 f FM 18 y
CH4S02 93 f WF 25 y
CH4S05 80 f WC 15* y
CH4S07 87 f WC 14*
CH4S08 88 f WC 12* y
CH4S09 80 f FM 22 y y  y
CH4S11 91 f WC 27
CH4S12 89 f WC 17 y
CH4S13 75 f WC 29
CH6S01 90 f WC 21 y
CH6S02 92 f WC 17 y y
CH6S03 84 f WC 11 y
CH6S04 90 f WC 20 y
CH6S05 94 f FM 28 y
CH6S07 80 f WC 15 y y
CH6S09 82 f WC 27
CH6S10 85 f WF 18 y y
CH8S05 89 f WF 22
CH8S07 59 f WC 20 y
CH8S09 96 f WF 26
CH8S10 90 m FM 26
mean ± SD 8 5 ± 8 2 1 ± 5
Total 30 2 m ,2 8 f 30 12 2 5 5 2
Max 96 29
Min 59 10
% of total 40% 7% 17% 17% 7%
WC: wheelchair (n = 14, 47%), WS: walking with stick (n = 3, 10%), WF: walking with frame (n = 6, 
20%), FM: free mobility (n = 7, 23%), m: male, f: female, AD: antidepressant, AP: antipsychotic. Hyp: 
hypnotic, Gly: glaucoma medication, Dem: dementia medication, *: participants unable to write.
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Table 5.3: Demographics of participants (n = 19) with complete MMSE scores 17000 K light
condition first
Code Age Gender
Baseline MMSE. 
Mobility score
Medication categories
AD AP Hyp Gly Dem
c m s o i 95 f WS 21
c m s o 2 87 f WC 11 y  y
c m s o s 85 f WF 15
c m s o s 89 f WF 21 y
cm so 7 80 f WF 20 y
c m s o s 71 m FM 29
cm so 9 68 m FM 25 y
c m s io 89 f WS 24 y  y
c m s i i 97 f WC 13*
CH5S03 84 m WF 16 y
CH5S04 82 f WC 17
CH5S05 87 m WF 15 y
CH5S12 97 f WC 9
CH5S14 75 f WC 19
CH5S18 90 f WC 26 y
CH5S20 87 f FM 18 y y
CH7S04 85 f WC 6 y
CH7S07 86 f WC 9 y
CH7S10 96 f WC 18* y
m ean±SD 8 6± 8 1 7±6
Total 19 4 m ,1 5 f 19 7 2 4 1 1
Max 97 29
Min 68 6
% of total 37% 11% 21% 5% 5%
WC: wheelchair (n = 9, 47%), WS: walking with stick (n = 2, 11%), WF: walking with frame (n = 5, 26%), 
FM: free mobility (n = 3, 16%), m: male, f: female, AD: antidepressant, AP: antipsychotic. Hyp: hypnotic, 
Gly: glaucoma medication, Dem: dementia medication, *: participants unable to write.
The 73 participants in  th is study (eight m ale and 65 fem ale; average (± SD) age 86 ±  7 
years) w ere care hom e residents (over 60 years o f  age) that w ere w illing to  w ear an A W L 
(Table 5.4A). A ctivity  analysis w as perform ed on data from  52 individuals (5 m ale 47 
fem ales; average age (±SD) 84 ±  8 years; m ean (±SD) M M SE score 20 ±  7) that had 
com pleted the study (Table 5.4B).
D ata analysis com m enced on A W L activity data  from  five participants in  C H I (all 
fem ale, average (± SD) age 87 ±  3 years), five from  CH 2 (2 m ale and 3 fem ale, 79 ±  10 
years), eleven from  CH4 (all fem ale, 87 ±  6 years), tw elve from  CH5 (tw o m ale and ten  
fem ale, 83 ±  9 years), nine from  CH6 (all fem ale, 87 ±  5 years), five participants from  
CH7 (all fem ale, 84 ±  7 years) and five from  CH 8 (1 m ale, 4 fem ale, 82 ±  15 years) as 
show n in Table 5.4B.
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Table 5.4: (A) Participants (n = 73) originally wearing AWLs; (B) Participants (n = 52) AWL 
activity data used for data analysis
(A)
Participants
Care home
originally wearing 
AWLs M ean age ± SD male female
Mean MMSE  
Score ± SD
CHI 10 87 ± 3 0 10 18 ± 6
CH2 6 80 ± 9 2 4 22 ± 5
CH4 13 88 ± 6 0 13 20 ± 6
CH5 17 84 ± 8 4 13 16 ± 5
CH6 10 87 ± 4 0 10 20 ± 6
CH7 7 85 ± 8 1 6 11 ± 6
CH8 10 87 ± 12 2 8 23 ± 5
Total 73 86 ± 7 9 64 19 ± 6
B)
AWLs used for M ean MMSE
Care home activity analysis M ean age ± SD male female Score ± SD
CHI 5 87 ± 3 0 5 21 ± 9
CH2 5 79 ± 10 2 3 24 ± 4
CH4 11 87 ± 6 0 11 21 ± 6
CHS 12 83 ± 9 2 10 17 ± 6
CH6 9 87 ± 5 0 9 20 ± 6
CH7 5 84 ± 7 0 5 8 ±  2
CH8 5 82 ± 15 1 4 25 ± 4
Total 52 84 ± 8 5 47 20 ± 7
In total 15 participants (21% ) returned the A W L before com pleting the study; eight 
participants (11% ) w ithin 2 weeks, three (4% ) w ithin  4 w eeks and four (6% ) w ith in  eight 
w eeks o f  starting the study. A nother four participants (6% ) had one or m ore light 
conditions m issing (AW L not w orn) and tw o participants (3% ) did not w ear the  A W L  at 
night. The 21 participants excluded from  further analysis are sum m arised in  Table 5.5.
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Table 5.5: Participants excluded from AWL activity data (n = 21)
AWL AWL AWL Missing
returned returned returned one or Not
Participant witbin 2 within 4 within 8 more light worn at
code weeks weeks weeks conditions night
CH1S02 y
CH1S03 y
CH1S05 y
CH1S06 y
CH1S07
CH2S03 y
CH4S01 y
CH4S03 y
CH5S02 y
CH5S05 y
CH5S09 y
CH5S20 y
CH6S06 y
CH7S09 y
CH7S10 y
CH8S01 y
CH8S02 y
CH8S03 y
CH8S04 y
CH8S06 y
CH8S11
Total 8 3
_
4 2
In Table 5.6 the level o f  m obility  w as included (n =  52) in  addition to M M SE  scores, age, 
gender and the presence o f  a  visual im pairm ent. This study included 33 w heelchair bound 
individuals (64% ), eight individuals capable o f  w alking w ith  a fram e (15% ), four that 
w alked w ith  the aid o f  a  stick (8% ) and seven participants that could w alk  freely  and 
unaided (13%). One individual w as partially  sighted and although she w as able to w alk  
freely, the care hom e sta ff transported her in  a  w heelchair. A dditionally  another 
participant’s health  deteriorated during the study and although initially capable o f  
w alking w ith a  fram e, by the end o f  the 12 w eeks she becam e w heelchair bound. These 
individuals were categorised as w heelchair bound.
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Table 5.6: Demographics o f  participants (n = 52) with analysed AWL aetivity data
Participant MMSE Medication categories
code Age Gender Mobility score VI LC AD AP Hyp Gly Dem
CH1S04 87 f  WC 10 ■/
CH1S08 88 f  WS 28 y
CH1S09 83 f  FM 17
CHISIO 85 f  WS 27 y
CH lSll 91 f  WF ND y
CH2S05 89 f  WF 21 y
CH2S07 80 f  WF 20 y
CH2S08 71 m FM 29
CH2S09 68 m FM 25 y
CH2S10 89 f  WS 24 y y
CH4S02 93 f  WF 25 y
CH4S04 94 f  WS ND y
CH4S05 80 f  WC 15* y
CH4S06 87 f  WC ND y y
CH4S07 87 f  WC 14*
CH4S08 88 f WC 12* y
CH4S09 80 f  FM 22 y y y
CH4S11 91 f  WC 27
CH4S12 89 f  WC 17 y
CH4S13 75 f WC 29
CH4S14 94 f WF 24 +
CH5S01 81 m FM 9 +
CH5S04 82 f WC 17
CH5S06 67 f WC ND y
CH5S07 84 f  WC ND y y y y
CH5S08 74 f  WC 24 y
CH5S10 83 f  WC - y y
CH5S11 76 f WC 14 y
CH5S12 97 f WC 9
CH5S13 93 f  WC 15
CH5S14 75 f WC 19
CH5S16 89 m WC ND y y
CH5S18 90 f  WC 26 y
CH6S01 90 f  WC 21 y
CH6S02 92 f  WC 17 y y
CH6S03 84 f  WC 11 y
CH6S04 90 f WC 20 y
CH6S05 94 f FM 28 y
CH6S07 80 f WC 15 y
CH6S08 87 f WC ND y y y
CH6S09 82 f WC 27
CH6S10 85 f  WF 18 y
CH7S01 93 f WC ND y y y
CH7S04 85 f  WC 6 y y
CH7S05 73 f  WC ND y y
CH7S07 86 f  WC 9 y
CH7S11 82 f  WC ND y
CH8S05 89 f  WF 22
CH8S07 59 f  WC 20 y
CH8S08 75 f  WC 29 y
CH8S09 96 f  WF 26
CH8S10 90 m FM 26
Mean ±SD 84±8 20 + 7
Total 52 5m ,47f 41 7 4 21 6 8 6 1
Max 97 29
Min 59 6
% of total 14% 8% 40% 12% 15% 12% 2%
WC: wheelchair (n = 33, 64%), WS: walking with stick (n = 4, 8%) WF: walking with frame (n = 8, 15%), 
FM: free mobility (n = 7, 14%), VI: visually impaired, LC: limited communication, MMSE: Mini mental 
state exam, - : refused to complete the MMSE, ND: no data, m: male, f: female, *: participants unable to 
write, +: participants MMSE score measured during week three o f washout not from baseline, AD: 
antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia medication.
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Out o f  52 participants, 11 (21% ) w ere unable to com plete the M M SE; six were visually 
im paired (12% ) (1 visually  im paired participant that com pleted the M M SE had sight in 
one eye), four had lim ited com m unication (8% ) and one refused to com plete it (2%). 
Three participants that com pleted the M M SE w ere unable to use their hands. This m eant 
that 3 questions could not be com pleted for these participants. The range o f  cognitive 
ability scores obtained from  the M M SE w as 6 - 29, w here norm al cognitive function is 
defined as a  score betw een 27 - 30, m ild  cognitive im pairm ent as 21 - 26, m oderate 
cognitive im pairm ent as 11 - 20 and severe cognitive im pairm ent as 0 - 10 (Folstein  et al, 
1975). W hen grouped by care hom e the participants in  CH2 and CHS had the h ighest 
m ean (± SD) M M SE score o f  24 ±  4 and 25 ± 4, respectively. In C H I and CH 4 
participants had a m ean M M SE score o f  21 ± 9  and 21 ±  6, respectively. The participants 
in CH6 had a m ean M M SE score o f  20 ±  6 and in  CH5 17 ±  6. The low est recorded m ean 
M M SE score o f  8 ±  2 w as recorded in  CH7. Baseline M M SE scores w ere available for 41 
participants w ith  analysed A W L data, eight (20% ) had norm al cognitive function (27 - 
30), 12 (29% ) had m ild  cognitive im pairm ent (21 - 26), 16 (39% ) had m oderate cognitive 
im pairm ent (1 1 -  20) and 5 (12% ) had severe cognitive im pairm ent (0 -1 0 ) .
A lthough there w as no pre-study ophthalm ological exam ination, the participant m edical 
records indicated that seven out o f  the 52 participants (14% ) had som e form  o f  visual 
im pairm ent (Table 5.7):
•  One participant had blindness caused by glaucom a and age-related m acular 
degeneration
•  Two participants had m acular degeneration
•  One participant had  blindness caused by diabetes
•  Two participants had blindness caused by  injury
•  The cause o f  blindness for one participant (C H 6S 10) w as unknow n
Two participants had no conscious light perception (NPL) in both eyes. C onsequently  
they w ere excluded from  further data analysis. A dditionally  one o f  these participants had 
cataracts in both  eyes, and had the cataracts surgically rem oved. Three m ore participants 
did not have cataracts w hile details for the rem aining three w ere unknow n.
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M edical records revealed that 40%  out o f  the 52 participants (n =  21) w ere prescribed 
antidepressant m edication w hile a  further 15% (n =  8) w ere taking hypnotic drugs. 
A nother 12% (n = 6) w ere taking antipsychotic m edication and 12% (n = 6) w ere taking 
m edication to  treat glaucom a. O nly one participant w as prescribed m edication to treat 
dem entia (2%). N ineteen (36.5%  w ere not taking any o f  the above m edications.
Table 5.7: Visual function o f participants (n = 7)
Participant
code
Visual fiinction 
assessm ent left eye
Visual ftinction 
assessm ent right eye
Cause of 
blindness if known Cataracts
Cataracts
removed
C H lSll NLP NLP ARMD, G BE BE
CH4S04 NLP CF ARMD Un
CH5S07 LP LP D Un
CH5S16 LP HMO I No
CH6S08 HMO HMO ARMD No
CH6S10 CF NLP Un Un
CH7S05 NLP NLP I No
CF: count fingers, HMO: hand movements only, LP: light perception, NLP: no light perception, ARMD: 
age-related macular degeneration, G: glaucoma, D: diabetes. I: injury, BE: both eyes. Un: unknown.
5.3.2.1 Data analysis
A s described previously, A W L files w ere com bined to group data by  light condition: 
17000 K  (blue-enriched and high colour tem perature polychrom atic light), 4000 K  (low  
colour tem perature polychrom atic light), baseline or w ashout lighting (BL and W O , care 
hom es original lights). The editing and rem oval o f  days w hen the A W L w as no t w orn  has 
been described in  chapter 4.
The activity data analysis then  follow ed three form s:
a) to investigate the effect o f  m obility  levels on 24 h  rest-activity  profiles, participant 
data w ere grouped by  level o f  m obility.
b) to establish param etric (cosinor) circadian rhythm  param eters o f  m esor, am plitude 
(activity counts) and acrophase (decim al hours: dec. h) for all participants in  each 
light condition
c) to determ ine non-param etric circadian rhythm  analysis (N PC RA ) param eters o f  
interdaily stability (IS), intradaily variability  (IV ), the m ean value and onset tim e
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o f  the least active 5 hours o f  the day (L5 and L5 onset) and the m ean value and 
onset tim e o f  the m ost active 10 hours o f  the day (MIG and M IG onset), the 
am plitude (AM P) and the relative am plitude (RA).
D etails o f  these param eters are described further in  chapter 2 (section 2.9.6).
53.2.2 24 h rest-activity profiles
H ourly totals w ere created for each participant from  the 1 m inute epoch values o f  activity 
for each day (24 values per day). A ll participants w ith  com plete data for w eek 3 o f  W O 
w ere included (n =  47); five participants (1G%) w ere excluded due to  m issing data for that 
w eek o f  the study. Participants were then  grouped by level o f  m obility  as previously 
categorised: w heelchair bound (W C, n  =  29, 62% ), able to w alk  w ith a  fram e (W F, n  =  7, 
15%), able to w alk  w ith  a  stick (W S, n  =  4, 9% ) and able to  w alk unaided (FM , n  =  7, 
15%).
5.3.2.3 Parametric circadian rhythm analysis (cosinor)
U sing a  m acro hourly activity  totals for each day w ere calculated w ith the hourly  data for 
all days w ith in  a w eek and for each light condition determ ined. C osinor analysis (curve o f  
best fit to the cosine (sinusoidal) curve by the m ethod o f  least squares) w as carried out on 
the hourly activity totals for each w eek and each light condition. G oodness o f  fit w as 
assessed by determ ining the percentage variability  (%  rhythm ) in  the data accounted for 
by the curve and the generated p  values. Participant data w ere then  edited in  the follow ing 
ways:
W eeks or light conditions that did not reach a significant fit to the cosine curve (p 
>  G.G5)
W eeks that contained less than  3 days o f  data
Participants w ith  less than  2 w eeks o f  data for a  light condition w ere excluded 
from  grouped statistical analysis
Participants w ith  no conscious light perception (n = 2) were excluded from  all 
analysis
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In total 14 participants (27% ) out o f  52 w ere excluded from  statistical analysis o f  cosinor 
param eters (Table 5.8) w hen data w ere grouped by light condition. O f  these 14, eight 
participants had no significant fit to the cosinor curve in  tw o or m ore w eeks w ith in  a light 
condition; tw o participants had few er than  50%  o f  days in  m ore than  tw o w eeks o f  data 
w ith in  a light condition; tw o participants had a  com bination o f  the previous tw o factors 
and tw o participants had no conscious light perception.
Table 5.8: Participants excluded from cosinor analysis (n = 14)
> 2 weeks
Participant >2 weeks data and NS
code NS fit data fit NLP
yCH1S09
CHISIO y
C H lSll
CH2S05 y
CH2S10
CH4S06 y
CH5S06
CH5S08 y
CH5S14 y
CH6S08 y
CH7S05
CH7S11 y
CH8S08
CH8S09 y/
Total 8
y
y
y
y
NS: No significant fît o f data to the cosinor curve, > 2 weeks data: less than 2 weeks o f light data in any 
light condition, > 2 weeks data and NS fit: less than 2 weeks o f light data in any light condition and no 
significant fit o f data to the cosinor curve, NLP: no conscious light perception.
O f the rem aining 38 participants (5 m ale 33 fem ales; average age 85 ±  8 years; m ean 
M M SE score 19 ±  7) that w ere statistically com pared for each light condition (Table 5.9), 
18 had com plete data sets for all w eeks o f  the study (2 m ale 16 fem ales; average age 87 ±  
7 years; m ean M M SE score 21 ±  7) and w ere used to look at statistical d ifferences 
betw een all 12 w eeks (Table 5.10). For com parison the activity data o f  these 18 
participants w ere also analysed by light condition as a  separate group. The w eek ly  data  
set (n = 18) and the light condition data set (n =  38) w ere further separated in to  groups
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receiving 4000 K  light condition or 17000 K  light condition first, to  look at any possible 
order effects.
Table 5.9: Demographics o f participants (n = 38) with light condition cosinor data
Medication categories
Code Age Gender Mobility MMSE score VI LC a d AP Hyp Gly Dem
CH1S04 87 f WC 10 y
CH1S08 88 f WS 28 y
CH2S07 80 f WF 20 y
CH2S08 71 m FM 29
CH2S09 68 m FM 25 y
CH4S02 93 f WF 25 y
CH4S04 94 f WS ND y
CH4S05 80 f WC 15* y
CH4S07 87 f WC 14 *
CH4S08 88 f WC 12* y
CH4S09 80 f FM 22 y y y
CH4S11 91 f WC 27
CH4S12 89 f WC 17 y
CH4S13 75 f WC 29
CH4S14 94 f WF 24 +
CH5S01 81 m FM 9 +
CH5S04 82 f WC 17
CH5S07 84 f WC ND y y y y
CH5S10 83 f WC - y y
CH5S11 76 f WC 14 y
CH5SI6 89 m WC ND y
CH5S12 97 f WC 9
CH5S13 93 f WC 15 y
CH5S18 90 f WC 26 y
CH6S01 90 f WC 21 y
CH6S02 92 f WC 17 y y
CH6S03 84 f WC 11 y
CH6S04 90 f WC 20 y
CH6S05 94 f FM 28 y
CH6S07 80 f WC 15 y y
CH6S09 82 f WC 27
CH6S10 85 f WF 18 y y y
CH7S01 93 f WC ND y y y
CH7S04 85 f WC 6 y
CH7S07 86 f WC 9 y
CH8S05 89 f WF 22
CH8S07 59 f WC 20 y
CH8S10 90 m FM 26
Mean ±SD 85±8 19 + 7
Total 38 5 m, 33 f 33 4 1 16 6 6 5 1
Max 97 29
Min 59 6
% of total 11% 3% 42% 16% 16% 13% 3%
WC: wheelchair (n = 25, 66%), WS: walking with stick (n = 2, 5%), WF: walking with frame (n = 5, 13%), 
FM: free mobility (n = 6, 16%), VI: visually impaired, LC: limited communication, MMSE: Mini mental 
state exam, -: refused to complete the MMSE, ND: no data, m: male, f: female, *: participants unable to 
write, +: participants MMSE score measured during week three o f washout not from baseline, AD: 
antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia medication.
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Table 5.10: Demographics o f  participants (n = 18) with weekly cosinor data
____________ Medication categories
Code Age Gender Mobility MMSE score VI LC AD AP Hyp Gly Dem
CH1S08 88 f WS 28 y
CH2S09 68 m FM 25 y
CH4S02 93 f WF 25 y
CH4S04 94 f WS ND y
CH4S07 87 f WC 14*
CH4S09 80 f FM 22 y  y  y
CH5S04 82 f WC 17
CH5S07 84 f WC ND y y y  y
CH5S12 97 f WC 9
CH5S18 90 f WC 26 y
CH6S01 90 f WC 21 y
CH6S05 94 f FM 28 y
CH6S07 80 f WC 15 y y
CH6S09 82 f WC 27
CH6S10 85 f WF 18 y  y y
CH7S01 93 f WC ND y  y y
CH7S07 86 f WC 9 y
CH8S10 90 m FM 26
Mean ± SD 87 ± 7 21 ± 7
Total 18 2 m, 1 6 f 15 3 1 8 4 3 3 1
Max 97 28
Min 68 9
% of total 17% 6% 44% 22% 17% 17% 6%
WC: wheelchair (n = 10, 56%), WS: walking with stick (n = 2, 11%), WF: walking with frame (n = 2,
11%), and FM: free mobility (n = 4, 22%), VI: visually impaired, LC: limited communication, MMSE:
Mini mental State exam, m: male. f: female. *: participants unable to write, ND: no data, AD:
antidepressant, AP: antipsychotie. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia medication.
The rem aining 20 participants w ith  incom plete data sets for the 12 w eeks o f  the study (3 
m ale 17 fem ales; average age 83 ±  9 years; m ean M M SE score 18 ±  7) w ere used  to look 
at group differences betw een the data sets w ith  com plete and incom plete data w hen 
activity data w ere grouped by light condition (Table 5.11). This com parison w as m ade 
using M ann-W hitney U  tests and unpaired S tudent’s t  tests as som e o f  the data w ere not 
norm ally distributed, predom inantly  the acrophase w ith  m esor and am plitude being 
positively skewed.
5.3.2.3.1 Statistical analysis
D ata for all cosinor param eters w ere checked for a  G aussian distribution using a Shapiro- 
W ilk norm ality test. The m ajority o f  light conditions reached significance in  th is test (p < 
0.05) signifying that the data set w as significantly different from  a norm al d istribution for 
am plitude and m esor, but not for acrophase. A dditionally  the histogram s o f  these data  sets
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w ere frequently positively skewed. C onsequently non-param etric statistical tests were 
used to com pare differences betw een am plitude and m esor as w ell as a  param etric test for 
acrophase for different light conditions and for different w eeks in  the study. U npaired 
S tudent’s t-tests w ere used to com pare the age and M M SE score at BE o f  participants that 
w ere grouped according to  the light condition they received first.
Table 5.11: Demographics of participants with incomplete weekly cosinor data (n = 20)
Medication categories
Code Age Gender Mobility MMSE score VI LC AD AP Hyp Gly Dem
CH1S04 87 f WC 10 y
CH2S07 80 f WF 20 y
CH2S08 71 m FM 29
CH4S05 80 f WC 15* y
CH4S08 88 f WC 12* y
CH4S11 91 f WC 27
CH4S12 89 f WC 17 y
CH4S13 75 f WC 29
CH4S14 94 f WF 24 +
CH5S01 81 m FM 9 +
CH5S10 83 f WC - y y
CH5S11 76 f WC 14 y
CH5S16 89 m WC ND ^
CH5S13 93 f WC 15 y
CH6S02 92 f WC 17 y  y
CH6S03 84 f WC 11 y
CH6S04 90 f WC 20 y
CH7S04 85 f WC 6 y
CH8S05 89 f WF 22
CH8S07 59 f WC 20 y
Mean ± SD 83 ± 9 18 + 7
Total 20 3 m ,1 7 f 14 1 0 8 2 3 2 0
Max 94 29
Min 59 6
% of total 5% 0% 40% 10% 15% 10% 0%
WC: wheelchair (n = 15, 75%), WS: walking with stick (n = 0, 0%), WF: walking with frame (n = 3, 15%),
and FM: free mobility (n =  2,, 10%), VI: visually impaired, LC: limited communication, MMSE: Mini
mental state exam, -;: refused to complete the MMSE, ND: no data, m: male, f: female, *: participants
unable to write, +: participants MMSE score measured during week three o f washout not from baseline, 
AD: antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia 
medication.
W hen all participants were grouped together differences betw een am plitude, m esor and 
acrophase w ere com pared using Friedm an’s 2-w ay analysis o f  variance o f  ranks w ith  a  
pairw ise com parison and repeated m easures A N O V A , w ith  Bonferoni post hoc tests w hen 
applicable.
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S.3.2.4 Non-parametric circadian rhythm analysis (NPCRA)
A W L activity data w ere analysed for each participant using a  program  that read the A W L 
files and calculated non-param etric circadian rhythm  variables and the average activity 
profile (section 2.9.6.2). D ays to be excluded (actiw atch dow nload days and days the 
A W L w as not w orn) w ere fed into the program  before initiating it. A s w ith  the param etric 
circadian rhythm  analysis, data w ere excluded for the follow ing reasons:
•  W eeks that contained less than  50%  o f  days o f  data Participants w ith  less than  2 
w eeks o f  data  in  a  light condition w ere excluded from  grouped statistical analysis
•  Participants w ith  no conscious light perception w ere excluded from  grouped 
statistical analysis
In total 4 participants w ere excluded from  statistical analysis o f  N PC R A  param eters 
(Table 5.12) w hen data w ere grouped by light condition; tw o participants had few er than  
50%  o f  days in m ore than  tw o w eeks o f  data w ith in  a  light condition; tw o participants had 
no conscious light perception.
For each light condition 48 participants (5 m ale 43 fem ale; average age 85 ±  8 years; 
m ean M M SE score 20 ±  6) w ere statistically com pared (
Table 5.13), 29 had com plete data sets for all w eeks o f  the study (4 m ale 25 fem ales; 
average age 86 ±  7 years; m ean M M SE score 20 ±  7). These data w ere used  to  exam ine 
statistical differences betw een the 12 w eeks (Table 5.14).
Table 5.12: Breakdown o f  participants excluded from N PCRA analysis 
> 2
Participant weeks
code data NLP
C H lSll y
CH5S06 y
CH7S05 y
CH8S08 y
Total 2 2
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> 2 weeks data; less than 2 weeks of light data in any light condition, NLP: no conscious light perception.
Table 5.13: Demographics o f participants (n = 48) with light condition NPCRA
Participant code Age Gender Mobility
MMSE
score VI LC AD
Medication categories 
AP Hyp Gly Dem
CH1S04 87 f WC 10 y
CH1S08 88 f WS 28 y
CHISIO 85 f WS 27 y
CH1S09 83 f FM 17
CH2S05 89 f WF 21 y
CH2S07 80 f WF 20 y
CH2S08 71 m FM 29
CH2S09 68 m FM 25 y
CH2S10 89 f WS 24 y y
CH4S02 93 f WF 25 y
CH4S04 94 f WS ND y
CH4S05 80 f WC 15* y
CH4S06 87 f WC ND y y
CH4S07 87 f WC 14*
CH4S08 88 f WC 12* y
CH4S09 80 f FM 22 y y  y
CH4S11 91 f WC 27
CH4S12 89 f WC 17 y
CH4S13 75 f WC 29
CH4S14 94 f WF 24 +
CH5S01 81 FM 9 +
CH5S04 82 f WC 17
CH5S07 84 f WC ND y y y y
CH5S08 74 f WC 24 y
CH5S10 83 f WC - y y
CH5S11 76 f WC 14 y
CH5S12 97 f WC 9
CH5S13 93 f WC 15
CH5S14 75 f WC 19
CH5S16 89 WC ND y y
CH5S18 90 f WC 26 y
CH6S01 90 f WC 21 y
CH6S02 92 f WC 17 y y
CH6S03 84 f WC 11 y
CH6S04 90 f WC 20 y
CH6S05 94 f FM 28 y
CH6S07 80 f WC 15 y y
CH6S08 87 f WC ND y
CH6S09 82 f WC 27
CH6S10 85 f WF 18 y y y
CH7S01 93 f WC ND y y y
CH7S04 85 f WC 6 y
CH7S07 86 f WC 9 y
CH7S11 82 f WC ND y
CH8S05 89 f WF 22
CH8S07 59 f WC 20 y
CH8S09 96 f WF 26
CH8S10 90 m FM 26
Mean ±SD 85 ± 8 20 + 6
Total 48 5 m, 43 f 40 5 3 20 6 7 6 1
Max 97 29
Min 59 6
% of total 10% 6% 42% 13% 15% 13% 2%
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WC: wheelchair (n = 30, 63%), WS: walking with stick (n = 4, 8%), WF: walking with frame (n = 7, 15%), 
FM: free mobility (n = 7, 15%), VI: visually impaired, LC: limited communication, MMSE: Mini mental 
state exam, -: refused to complete the MMSE, ND: no data, m: male, f: female, *: participants unable to 
write, +: participants MMSE score measured during week three o f washout not from baseline, AD: 
antidepressant, AP: antipsychotic. Hyp: hypnotic, Gly: glaucoma medication, Dem: dementia medication.
Table 5.14: Demographics of participants (n = 29) with weekly NPCRA
Medication categoriesMMSE
Participant code Age Gender Mobility score VI LC AD AP Hyp Gly Dem
CH1S08 88 f  WS 28 y
CHISIO 85 f  WS 27 y
CH2S05 89 f  WF 21 y
CH2S07 80 f  WF 20 y
CH2S09 68 m FM 25 y
CH4S02 93 f  WF 25 y
CH4S04 94 f  WS ND y
CH4S05 80 f  WC 15* y
CH4S07 87 f  WC 14*
CH4S09 80 f  FM 22 y y y
CH4S11 91 f  WC 27
CH4S12 89 f  WC 17 y
CH4S13 75 f  WC 29
CH5S01 81 m FM 9 +
CH5S04 82 f  WC 17
CH5S07 84 f  WC ND y y y y
CH5S11 76 f  WC 14 y
CH5S12 97 f  WC 9
CH5S16 89 m WC ND y y
CH5S18 90 f  WC 26 y
CH6S01 90 f  WC 21 y
CH6S05 94 f  FM 28 y
CH6S07 80 f  WC 15 y y
CH6S08 87 f  WC ND y
CH6S09 82 f  WC 27
CH6S10 85 f  WF 18 y y y
CH7S01 93 f  WC ND y y y
CH7S07 86 f  WC 9 y
CH8S10 90 m FM 26
Mean ±SD 86 + 7 20 + 7
Total 29 4 m ,2 5 f 21 5 1 12 5 3 5 1
Max 97 29
Min 68 9
% of total 17% 3% 41% 17% 10% 17% 3%
WC: wheelchair (n = 17 59%), WS: walking with stick (n = 3, 10%), WF: walking with frame (n = 4, 14%), 
FM: free mobility (n = 5, 17%), VI: visually impaired, LC: limited communication, MMSE: Mini mental 
state exam, ND: no data, m: male, f: female, *: participants unable to write, +: participants MMSE score 
measured during week three o f washout not from baseline, AD: antidepressant, AP: antipsychotic. Hyp: 
hypnotic, Gly: glaucoma medication, Dem: dementia medication.
5.3.2.4.1 Statistical analysis
D ata for all N PC R A  param eters were checked for a  G aussian distribution using a 
Shapiro-W ilk norm ality test. The m ajority o f  participants’ light condition data reached 
significance in this test for MIO, L5 and L5 onset (p <  0.05) signifying that the data  set
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was significantly different from  a norm al distribution. Participant light condition data for 
the param eters o f  IS, IV , M IO onset and relative am plitude had a norm al distribution. 
Consequently param etric (repeated m easures A N O V A ) and non-param etric (Friedm an’s 
2-w ay analysis o f  variance o f  ranks) statistical tests w ere used, depending upon the 
variable analysed to com pare differences betw een all N PC R A  param eters for different 
light conditions and for different w eeks in  the study. U npaired Student’s t-tests were used 
to com pare the BL M M SE score and age o f  participants that w ere grouped according to 
the light condition they received first.
5,3.2,5 Mixed model
Further statistical analysis w as perform ed using SAS v  9.1 (SAS Institute Inc., Cary, 
N orth  Carolina, U SA ) to increase the num ber o f  datasets included for each param eter as 
m issing data could be accom m odated. Com parison o f  light conditions (17000 K  and 4000 
K) w as conducted for eleven outcom e rest-activity  variables:
C osinor param eters (n =  34 observational light data, n  =  32 tim e > 1 0 0  lux threshold)
•  A crophase
•  A m plitude
•  M esor
N PC R A  param eters (n =  45 observational light data, n  =  43 tim e > 1 0 0  lux threshold)
Interdaily  stability (IS)
Intradaily  variability  (IV)
A m plitude (Am p)
Relative am plitude (RA)
Least five hours o f  activity (L5)
Least five hours o f  activity (L5) onset 
M ost active ten  hours (MIO)
M ost active ten  hours (M IO) onset
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A  m ixed m odel (PRO C M IX ED ) w ithout a  random  intercept, w as u tilised throughout. A  
repeated m easures m odel w as fitted w ith  a  com pound sym m etry covariance structure. The 
m odels were w ritten  by our statistician M r. Peter W illiam s (The departm ent o f  
m ethem atics and statistics. U niversity  o f  Surrey).
The follow ing experim ental design variables w ere entered:
•  Sequence (17000 K  f i r s t , 4000 K  first)
•  W eek identifier (#1, #2, #3, #4) or linear w eek num ber (1, 2, 3, 4) w here outcom e 
variable w as m easured each w eek across condition.
The follow ing w eekly covariates w ere entered for each participant:
•  O bservational tim e in  lights (%) (section 4.3.4.3)
•  Tim e above 100 lux threshold (m ins) (section 4.3.4.1)
The follow ing participant specific dem ographic variables w ere entered as covariates:
•  A ge (years)
•  M obility  (1= fully m obile, 2 =  w alking stick, 3 =  w alking fram e, 4 =  w heelchair)
•  M edication (antidepressant, antipsychotic, hypnotic, glaucom a) 1 =  yes, 0 = no.
Baseline score for the relevant outcom e variable w as entered in  preference to  calculating 
and m odelling changes from  baseline. The m odel w as run tw ice for each param eter using 
either the observational tim e in lights (%) referred  to  as M l,  or tim e above a threshold  o f  
100 lux as m easured by a w rist w orn A W L, referred  to  as M 2, as an estim ation o f  
individual participant light exposure.
G ender w as not included as a  covariate due to the low  num ber o f  m ales in  the data  set 
(m axim um  n  =  5, 12%). M M SE score was rem oved as a  covariate since som e participants 
did not com plete the assessm ent, or scores w ere inaccurate due to an inability to  com plete 
sections for physical reasons such as arthritis m aking it d ifficult to hold  a pen, resulting  in
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a reduced sam ple size. A ntidem entia m edication w as also excluded as a covariate because 
only one participant in  the data set received th is type o f  m edication.
Sim plified versions o f  the m odels w ithout age, m obility  and m edication as covariates 
w ere also run. S tatistically significant differences at the 5% level w ere reported  for 
treatm ent condition, treatm ent w eek and (treatm ent condition) x  (treatm ent week) 
interaction.
5.4 Results
5.4.1 MMSE scores during each light condition
In total 49 participants (6 m ales, 43 fem ales; average age 86 ±  8 years) com pleted the 
M M SE at the end o f  the BL, W O, the 4000 K  and 17000 K  light conditions (Figure 5.1
A). The data sets w ere analysed using repeated m easures A N O V A  and F riedm an’s 2-w ay 
A N O V A  o f  ranks (non-param etric test). The repeated m easures A N O V A  revealed a 
significant difference betw een M M SE scores in  each light condition F (3, 144) = 3.94, p = 
0.01. H ow ever, a  post hoc test revealed no significant differences betw een conditions, 
although the difference betw een BL (19 ±  5.9) and W O (20 ±  6.1) w as approaching 
significance (p = 0.058). The Friedm an test revealed a significant difference betw een the 
m ean rank  o f  M M SE score betw een different conditions (%^  (3) = 10.31, p =  0.016). A  
pairw ise com parison, how ever, revealed no significant differences betw een light 
conditions, although the difference betw een BL (19 ±  5.9) and the 17000 K  light 
condition (20 ±  5.8) w as approaching significance (p = 0.053). The m ean M M SE score 
during the 4000 K  light condition w as 19.5 ±  5.8.
To investigate possible changes in  M M SE scores across the duration o f  the study, the 49 
participants w ere split into tw o groups: those that received the 4000 K  light condition first 
(Figure 5.1 B) and those that received the 17000 K  light condition first (Figure 5.1 C). 
U npaired Student’s t-test results revealed there to be no significant difference betw een the 
two groups in term s o f  M M SE score at B L or age and com parative dem ographics are 
presented in  Table 5.15. For the 19 participants that received the 17000 K  light condition 
first there w as no significant difference in  M M SE scores betw een BL (17 ±  6), the 17000 
K  (17 ±  6), W O (19 ±  7) and 4000 K  (19 ±  6) light conditions.
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For the 30 participants that received the 4000 K  light condition first, a repeated m easures 
A N O V A  revealed significant differences betw een M M SE scores in each light condition 
(F (3, 87) = 4.05, p=0.038). Scores during the 4000 K  light condition (20 ± 6) were 
significantly low er than  M M SE scores m easured during the 17000 K  light condition (21 ± 
6, p = 0.038).
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Figure 5.1: Mean ±  SD M M SE scores during each light condition.
(A) All participants (n = 49), (B) participants that received the 17000 K light condition first (n = 19), (C) 
participants that received the 4000 K light condition first (n = 30).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
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A s som e o f  the M M SE data w as not norm ally distributed a Friedm an test w as also 
conducted. The Friedm an test revealed a significant difference betw een the m ean rank o f  
M M SE scores betw een different light conditions (3) =  10.57, p =  0.014). A  pairw ise 
com parison revealed that significantly higher scores w ere obtained during the 17000 K  
light condition (21 ±  5.7) com pared to BL (20 ±  5.5, Z  =  -2.75, SE =  0.33, p =  0.036).
Table 5.15: MMSE - Demographics o f participants separated by condition order (n = 49) 
4000 K lights first n = 30 17000 K lights first n = 19
Parameter Mean ± SD Range n % oftotal Mean ± SD Range n % oftotal
Age 85±8 59-96 30 86± 8 68-97 19
MMSE score * 21 ± 5 10-29 30 17±6 6 -2 9 19
Gender 2m,28f 4m, 15f
Medication
antidepressants 12 40 7 37
antipsychotics 2 7 2 11
hypnotics 5 17 4 21
glaucoma 5 17 1 5
antidementia 2 7 1 5
Mobility
Wheelchair 14 47 9 47
Walking frame 6 20 5 26
Walking stick 3 10 2 11
Fully mobile 7 23 3 16
*MMSE measured at BL.
5.4.2 Actigraphy data - participant activity profiles
A ctigraphically  m easured activity data varied  considerably betw een individuals in  this 
study. Figure 5.2 illustrates som e differencs betw een m ean 24 h  activity  profiles, 
m easured during the th ird  w eek o f  W O, o f  four individuals.
In all participants activity levels began to rise from  06:00 h  and rem ained h igh  until 
around 2 1 :00 h  w here there w as a clear d istinction betw een m uch low er n ighttim e activity  
from  m idnight to 05:00 h. H ow ever, one trend observed in the participants w ith  no 
independent m obility, w as the bi-m odal peak in  activity  during the daytim e, present in  the 
m orning from  08:00 h  to m idday, then again from  16:00 h  until 18:00 h  (Figure 5.2A  and
B).
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In the participants w ith  independent m obility, there w as an even distribution o f  activity 
throughout the day w ithout any obvious peaks (Figure 5.2 C and D). A lthough CH 8S10, 
seen in  F igure 5.2 C, has h igh daytim e activity, the nighttim e activity  level w as also 
elevated especially w hen com pared to the other participants at the sam e tim e o f  the night. 
Furtherm ore, the error bars are h igher at night w hich indicates a varied  and inconsistent 
nocturnal rest episode.
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Figure 5.2: 24 h mean (± SEM) weekly activity level (WO week 3) examples: eomparison of 
partieipants with different degrees o f mobility.
(A) Participant with in a wheelchair (CH7S01), (B) participant in wheelchair (CH7S07), (C) participant 
with independent mobility (CH8S10), (D) participant with independent mobility (CH6S05).
Figure 5.3 illustrates the 24 h  activity  profiles from  W O  w eek 3 for 47 participants (two 
participants w ere m issing data from  this w eek) grouped into one o f  four categories o f  
m obility; w heelchair bound (W C, n  =  29, 62% ), w alking w ith  the aid o f  a  fram e (W F, n  = 
7, 15%), w alking w ith a  stick (W S, n  = 4, 9% ) and free m obility  (FM , n  = 7, 15%).
There w as a plateau o f  daytim e activity for the w heelchair bound individuals w ith  a  range 
o f  4000 to 5000 activity counts per hour from  06:00 - 18:00 h. These individuals 
generally had a low er 24 h  pattern  o f  activity com pared to individuals w ho w alked w ith  a 
fram e and individuals that w alked w ith a  stick. A dditionally, w hen com pared to all other
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m obility groups, the w heelchair bound participants had m uch lower variation in any 
single hour across the 24 h profile as indicated by the SEM.
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Figure 5.3 24 h mean (± SEM) w eekly activity levels (W O w eek 3): all participants (n =  47) 
grouped by mobility category.
(A) Wheelchair bound (n = 29), (B) walk with a frame (n = 7), (C) walk with a stick (n = 4), (D) free 
mobility (n = 7).
Two participants were missing activity data from washout week 3 and were not included.
Participants that could w alk w ith the aid o f  a fram e had a slightly greater peak in activity 
during the m orning (07:00 and 08:00 h) w hen com pared to the gradual rise in activity for 
the freely m obile individuals. This peak w as m irrored in the individuals who w alked w ith 
a stick at 08:00 h. A lthough in the participants w ho w alked w ith a fram e the activity 
counts plateaued after this m orning spike, there w as another peak o f  activity at 18:00 h 
that was not present in the other m obility groups.
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5.4.3 Parametric circadian rhythm analysis (cosinor)
Participant activity data w ere analysed for the three cosinor param eters o f  m esor, 
acrophase and am plitude w hen data w ere grouped by light condition (n = 38) and by 
study w eek (n =  18) using statistical tests outlined in  section 5 .3 .2 .3 .I. Participants 
baseline (BL) activity  data w ere not included for statistical analysis w hen data sets were 
grouped by light condition but w ere presented for com parison in  34 participants. BL data, 
how ever, w ere included for statistical analysis o f  the w eekly data sets (n =  18). U npaired 
Student’s t-tests revealed no significant differences in age or M M SE score betw een the 
group o f  participants that received the 17000 K  light condition first (n =  15) and the group 
that received the 4000 K  light condition first (n =  23). Participant dem ographics o f  these 
tw o groups are presented in Table 5.16. There w ere also no significant d ifferences in  age 
and BL M M SE in the participants w ith  w eekly data  (n =  18) grouped by  light condition 
order.
Table 5.16: Cosinor - Demographics o f participants separated by condition order (n = 38)
Parameter
4000 K lights first n = 23 17000 K lights first n = 15
Mean ± SD Range n % of total Mean ± SD Range n % of total
Age 86±8 59-94 23 84±8 68-97 15
MMSE score * 20±6 10-29 22 16±8 6-29 11
Gender lm,22f 4m, I lf
Medication
antidepressants 9 39 7 47
antipsychotics 2 9 4 27
hypnotics 4 17 2 13
glaucoma 4 17 1 7
antidementia 1 4 0 0
MoWiity
Wheelchair 14 61 11 73
Walking frame 4 17 1 7
Walking stick 2 9 0 0
Fully mobile 3 13 3 20
*MMSE measured at BL.
5.4J.1 Condition grouped data
Figure 5.4 illustrates the m ean values for m esor, am plitude and acrophase for all 
participants (n = 38), for the participants (n =  18) w ith  com plete data sets for all w eeks o f  
the study and for the participants (n = 20) w ith  incom plete data sets. Param etric and non-
2 6 1
param etric statistical analysis o f  m esor, am plitude and acrophase (m ean ±  SEM ) for all 
participants (n = 38) revealed no significant difference betw een the 4000 K  light 
condition (mesor: 4286 ±  435, am plitude: 2725 ±  329 activity counts, acrophase: 14.81 ± 
0.49 dec. h), the w ashout light condition (m esor: 4157 ±  400, am plitude: 2678 ±  329 
activity counts, acrophase: 14.71 ±  0.40 dec. h), or the 17000 K  light condition (mesor: 
4312 ±  447, am plitude: 2744 ±  320 activity counts, acrophase: 14.16 ±  0.55 dec. h). 
Baseline data w ere not statistically com parative to the other light conditions as this w as a 
m uch shorter data collection period (one week) and four participants did not have BL data 
thus reducing the sam ple num ber for analysis. H ow ever, for visual com parison BL has 
been included in  Figure 5.4 and thus only 34 participants are com pared in  th is figure.
For the analysis o f  w eekly grouped data the participants w ith  com plete and incom plete 
w eekly data sets w ere separated. H ow ever, for com parison data from  these two 
populations w ere also grouped by light condition.
In both the com plete data set group and the incom plete data set group, there w as no 
significant difference betw een the m ean values for m esor, am plitude or acrophase in  the 
three different conditions exam ined (4000 K, W O and 17000 K). U nexpectedly how ever, 
regardless o f  light condition, participants (n = 18) w ith  com plete data sets (Figure 5.4 D) 
dem onstrated a h igher m ean (± SEM ) activity m esor (BL: 5164 ±  579 activity  counts, 
4000 K: 5195 ±  601 activity  counts, W O: 5217 ±  553 activity  counts, 17000K: 5206 ±  
562 activity counts) com pared to participants w ith  incom plete data sets (Figure 5.4 G) 
(BL: 3394 ±  546 activity counts, 4000 K: 3467 ±  578 activity counts, W O: 3203 ±  494 
activity counts, 17000K: 3508 ±  643 activity counts). This w as also true for the activity  
am plitude w hich w as higher for participants w ith  com plete data sets (Figure 5.4 E, n  =  18, 
BL: 3688 ±  409 activity counts, 4000 K: 3439 ±  406 activity counts, W O: 3664 ±  448 
activity counts, 17000 K: 3660 ±  444 activity counts) com pared to those w ith  incom plete 
data sets (Figure 5.5 H, n  = 20, BL: 2316 ±  489 activity counts, 4000 K: 2082 ±  471 
activity counts, W O: 1790 ± 3 8 9  activity counts, 17000 K: 1920 ± 3 8 0  activity counts).
U npaired Student’s t- tests revealed a significant difference betw een the com plete data set 
group (n = 18) com pared to the incom plete data set group (n = 20) for m esor during the 
4000 K  light condition (t (36) = 2.07, p =  0.046) and W O light condition (t (36) = 2.72, p 
= 0.009). There w as no significant difference in  m ean activity  m esor for the 17000 K  
light condition in  both  groups. The m ean activity  am plitude for the com plete and
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incom plete data sets differed significantly betw een the 4000 K  light conditions (M ann- 
W hitney U  = 82, p = 0.004), the W O  light condition (U =  68, p =  0.001) and the 17000 K  
light condition (U  =  75, p =  0.002).
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There was no significant difference betw een the com plete and incom plete data sets for the 
m ean (± SEM ) acrophase (decim al hours) during the 4000 K (n=18: 14.30 ± 0.45 h, n = 
20: 15.27 ± 0.83 h), W O (n=18: 14.14 ± 0.40 h, n = 20: 15.22 ± 0.65 h) or the 17000 K 
(n=18: 14.13 ± 0 .3 4  h, n = 20: 14.19 ± 1.01 h) light condition.
The light condition data illustrated in Figure 5.4 were grouped regardless o f  the order o f  
the light conditions in the respective care hom es. To address this, data w ere also classified 
into participants that received the 17000 K  light condition first (n = 13) and those that 
received the 4000 K  light condition first (n = 21); the results o f  w hich are illustrated in 
Figure 5.5.
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Figure 5.5: Mean (± SEM) cosinor variables for each light condition by sequence.
(A - C) 17000 K light condition first (n = 13, excluding 2 participants with missing BL), (D - F) 4000 K 
light condition first (n = 21, excluding 2 participants with missing BL).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
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For all three cosinor variables, there w as no significant difference betw een light 
conditions, for participants that received the 17000 K  light condition first or those that 
received the 4000 K  light condition first, although there w as a trend o f  an earlier 
acrophase in  both  groups during the 17000 K  light condition (p = 0.082). A ctivity 
am plitude during the sam e light condition appeared to be different, w ith  participants in 
the 4000 K  light condition first group (Figure 5.5 E) exhibiting greater am plitude in  all 
light conditions com pared to the 17000 K  light condition first group. A  m ixed  m odel 
(PRO C M IX ED ) w as used to investigate any possib le order effect. The results revealed 
no sequence effect for any o f  the cosinor param eters m easured.
5,43.2 Weekly grouped data
Participants w ith  com plete w eekly data sets w ere grouped together (n =  18) for activity 
cosinor analysis o f  w eekly data. This served to increase resolution o f  the rest-activ ity  data 
and to investigate a  possible effect over tim e. Figure 5.6 presents the m ean ±  SEM  values 
for m esor, am plitude and acrophase during each w eek o f  the study, although not in 
chronological order.
D ue to m ixed results in  a  norm ality test, param etric and non-param etric tests w ere used  to 
analyse this data set. F riedm an’s 2 w ay analysis o f  ranks revealed a significant difference 
betw een the m ean activity m esor for different w eeks (11) = 23, p =  0.015, n  =  18). A  
pairw ise com parison revealed that participants m ean (± SEM ) activity m esor during the 
third w eek o f  the 17000 K  light condition (5439 ±  605 activity counts) w as significantly  
higher than the th ird  w eek o f  the W O light condition (4555 ±  693 activity counts, Z  =  - 
3.44, SE =  1.2, p = 0.038). This difference did not reach significance in  a  param etric  
statistical test (repeated m easures A N O V A ). There w ere no other significant d ifferences 
betw een m ean w eekly values for the cosinor variables o f  am plitude, m esor and acrophase 
using Friedm an’s 2-w ay analysis o f  variance and repeated m easures A N O V A .
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Figure 5.6: Mean (± SEM) cosinor variables for each week (not adjusted by light condition order) 
in each light condition (n =18).
(A) Mesor, (B) amplitude, (C) acrophase.
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
* p = 0.038 compared to WO week 3.
A s w as discussed in the preceding section, participant’s data w ere separated according to 
w hich light condition they received first to  investigate a  possible order effect. Participants 
in  C H I, CH4, CH6 and CH8 (n =  11) received the 4000 K  light condition first and 
participants in CH2, CH5 and CH7 (n =  7) received the 17000 K  light condition first. 
These data are presented in  Figure 5.7 and dem onstrates increasing activ ity  or am plitude
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(not significant) that w as observed betw een the end o f  the light condition that preceded 
the start o f  the W O light condition and continued into the first two w eeks o f  the W O light 
condition. This w as m ost prom inent in  the group that received the 17000 K  light 
condition first for both m esor and am plitude and w as follow ed by a drop in  am plitude and 
m esor during the final w eek o f  the W O  light condition. This is suggestive o f  a  carryover 
effect o f  the 17000 K  light condition into the W O light condition.
Statistical analysis o f  these data sets w as lim ited due to  the low  num ber o f  participants in 
each group. In the subgroups that received the 4000 K  light condition first and the 17000 
K  light condition first there w ere no differenees in  w eekly m ean values for all cosinor 
activity variables using repeated m easures A N O V A . H ow ever using F riedm an’s 2 w ay 
analysis o f  ranks, a  significant difference w as found betw een w eekly m ean values for 
m esor in  the group that received the 4000 K  light condition first (%^  (11) =  20.56, p = 
0.038, n  =  11), although no difference w as found betw een w eeks in  the post hoc pairw ise 
com parison. The group that received the 17000 K  light condition first did no t reach 
significance using Friedm an’s 2 w ay analysis o f  ranks (x^ (11) = 19.62, p =  0.051, n  =  7) 
to com pare m ean w eekly activity m esor values.
There w as no effect o f  light condition using param etric and non-param etric tests on 
acrophase for w eekly grouped data in  either light condition ordered subsets. H ow ever the 
m ean activity acrophase did appear to be later during the baseline w eek  com pared to  all 
other w eeks in  the study for both  subsets o f  w eekly grouped data. The low  sam ple sizes in 
these data sets m ean that any interpretation o f  the effect o f  the light conditions on the 
activity param eters m easured should be treated  w ith  caution. To exam ine w eekly  activity  
data from  a larger data set a  statistical m odel able to accom m odate m issing w eekly  data 
w as used (section 5.3.2.5). This is discussed further in  the follow ing section.
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Figure 5.7: Mean (± SEM) cosinor variables for each w eek grouped by light condition order.
(A-C) 17000 K light condition first (n = 7), (D-F) 4000 K light condition first (n = 11).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
5,4,33 Mixed model analysis
The full m ixed m odel analysis (seetion 5.3.2.5) (m odels M l and M 2) revealed a 
signifieantly earlier aetivity acrophase in the 17000 K  light condition com pared to the 
4000 K  light condition (M l: F (1, 212) = 4.29, p = 0.04, M 2: F (1,210) = 4.17, p = 0.04). 
The sim plified m odel (seetion 5.3.2.5) show ed the sam e significantly earlier acrophase in 
the 17000 K  light condition com pared to the 4000 K  light condition (M l: F (1,213) = 
4.22, p = 0.04, M2: F (1, 213) = 3.95, p = 0.05). These results support the trend o f  an 
earlier activity acrophase in the 17000 K light condition observed in Figure 5.5.
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5.4.4 Non-parametric circadian rhythm analysis (NPCRA)
The follow ing sections describe the results from  the eight N PC R A  param eters o f  IS, IV, 
L5, L5 onset, M IO, M IO onset, A M P and RA , w here data w ere grouped by light 
condition (n = 48) and study w eek (n =  29) and analysed using statistical tests outlined in 
section 5.3.2.4.1. Participant’s BL activity  data w ere not included for statistical analysis 
w hen data sets w ere grouped by light condition but w ere presented for com parison in  45 
participants. BL data w ere included for statistical analysis o f  the w eekly  data sets (n = 29) 
and the data sets o f  participants that received the 17000 K  light condition first (n = 12) 
and the 4000 K  light condition first (n = 17). U npaired S tudent’s t-tests revealed no 
significant differences in  age or M M SE score betw een the group o f  participants that 
received the 17000 K  light condition first (n = 20) com pared w ith the group that received 
the 4000 K  light condition first (n = 28). Participant dem ographics o f  these tw o groups 
are presented in
Table 5.17.
Table 5.17: NPCRA - Demographics o f participants separated by condition order (n = 48) 
4000 K lights first n =28 17000 K lights first n =20
Parameter Mean ± SD Range n % of total Mean ± SD Range n % oftotal
Age 8 6± 7  59-96 28 83±8 68-97 20
MMSE score * 21 ± 6 10-29 25 18±7 6 -2 9 15
Gender lm ,27f 4m, 16f
Medication
antidepressants 11 39 9 45
antipsychotics 2 7 4 20
hypnotics 4 14 3 15
glaucoma 4 14 2 10
antidementia 1 4 0 0
MoWlity
Wheelchair 16 57 14 70
Walking frame 5 18 2 10
Walking stick 3 11 1 5
Fully mobile 4 14 3 15
*MMSE measured at BL.
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There were also no significant differences in age betw een the participants w ith  com plete 
w eekly data (n = 29) that were separated into light condition order. There w as a 
significant difference in M M SE score, how ever, w here the participants that received the 
17000 K light condition first (n = 9) had a significantly low er BL m ean (± SD) M M SE 
score (17 ± 7, t (22) = 2.3, p = 0.028) com pared to the group that received the 4000 K 
light condition first (23 ±  5, n  = 15).
5.4.4.1 Inter daily stability (IS)
W hen all IS data were grouped by light condition (Figure 5.8 A, m ean ± SEM ), there was 
no significant difference betw een m ean IS (partieipants w ith com plete W O, 4000 K and 
17000 K  light condition data, n = 48) during the W O (0.43 ± 0.02), the 4000 K  light 
condition (0.43 ± 0.03) or the 17000 K  light condition (0.42 ± 0.03). As discussed 
previously the BL (0.54 ± 0.02, n= 45) was not included in the statistical com parison.
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Figure 5.8: Mean (± SEM) interdaily stability.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
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There were no significant differences betw een m ean IS values for each w eek o f  the study 
(Figure 5.8 B for participants w ith 12 com plete w eeks o f  data, n = 29) although weekly 
values indicate a decreasing IS across each w eek o f  the 17000 K light condition (week 1 : 
0.6 ± 0.03, w eek 2: 0.57 ± 0.03, w eek 3: 0.56 ± 0.03, and w eek 4: 0.53 ± 0.04). In the 
sub-group o f  participants that received the 4000 K  light condition first there was a non 
significant decrease in IS during the last two w eeks o f  the 17000 K  light condition 
(Figure 5.8 C, n=17). Finally the sub-group that received the 17000 K  light condition 
first, there w as an overall trend o f  different IS values across the 12 w eeks o f  the study 
(Figure 5.8 D, F (11) = 1.7, p = 0.065, n = 12).
5.4.4.2 Intradaily variability (IV)
No statistically significant differences were found betw een m ean (± SEM , n= 48) IV data 
grouped by light condition (Figure 5.9A) for the W O (1.32 ± 0.05), 4000 K  light 
condition (1.29 ± 0.04) or the 17000 K  light condition (1.27 ± 0.05). The IV during the 
BL w eek was the sam e as W O (1.32 ± 0.06, n= 45).
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Figure 5.9: Mean (± SEM) intradaily variability.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n == 17), (D) weekly grouped data 17000 K. light condition first (n = 12).
BL; baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
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W hen IV data were grouped by study w eek, no significant differences w ere found (Figure
5.9 B, n = 29). This was also true regardless o f  the order o f  the light conditions (Figure
5.9 C and D).
5.4.4.3 Least five hours o f activity (L5)
M ean (± SEM , n= 48) L5 data for W O (27 ± 4), the 4000 K  light condition (27 ± 4) and 
the 17000 K  light condition (29 ±  4) were not significantly different from  each other 
(Figure 5.10 A). H ow ever the BL w eek w as low er than all o f  the other light conditions 
(23 ±  3, n = 45).
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Figure 5.10: Mean (± SEM) L5.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL; baseline, 4K; 4000 K light condition, WO; washout light condition, 17K; 17000 K light condition.
There was no statistical significant difference betw een w eekly m ean L5 data (n = 29, for 
participants w ith 12 com plete w eeks o f  data) although w eekly values indicated higher L5 
activity across all four w eeks o f  the 17000 K light condition (Figure 5.10 B, w eek one: 25 
± 5, w eek two: 26 ± 6, w eek 3: 29 ± 7, w eek 4: 30 ±  6). H igher L5 was also observed
273
w hen the 17000 K  light condition was first (Figure 5.10 D, 17000 K  w eek one: 22 ±  6, 
w eek 2: 25 ±  9, w eek 3: 25 ±  10, and w eek 4: 28 ±  8, n  =  12) but no t as prom inently  in 
the participants that received the 4000 K  light condition first (Figure 5.10 C, 17000 K  
w eek one: 28 ±  8, w eek two: 27 ±  8, w eek three: 32 ±  11, w eek four: 32 ±  8, n  = 17). The 
L5 also tended to be h igher am ongst the group o f  participants that received the 4000 K  
light condition first com pared to the group that received the 17000 K  light condition first.
5 .4.4.3.1 Mixed model analysis
The trends o f  an increased L5 during the 17000 K  light condition observed in  F igure 5.10 
w ere confirm ed in  the full m ixed m odel analysis (section 5.3.2.5) w hich revealed a 
significant increase in  L5 during the 17000 K  light condition com pared to the 4000 K  
light condition (M l: F (1, 291) =  4.08, p  = 0.04, M 2: F (1, 287) =  4.5, p =  0.03). The 
sam e finding o f  a significantly increased L5 during the 17000 K  light condition com pared 
to the 4000 K  condition w as observed in  the sim plified m odel (M l: F (1, 291) = 4.12, p = 
0.04, M 2: F ( l,  289) = 4.86, p = 0.03).
5ÂÂ.4 Least five hours o f activity (L5) onset
C ondition grouped m ean (± SEM , n= 48, Table 5.11 A ) L5 onset tim e (decim al hours) 
w as not significantly different betw een the light conditions o f  W O (23.50 ±  0.39 h), the 
4000 K  light condition (23.70 ±  0.34 h) or the 17000 K  light condition (23.98 ±  0.41 h).
The m ean BL L5 onset tim e w as 24.06 ±  0.29 h, (n= 45). There w ere no significant 
differences betw een the L5 onset tim es betw een any o f  the 12 w eeks o f  the study. The 
group that received the 4000 K  light condition first show ed an extrem ely regular L5 onset 
tim e across all 12 w eeks o f  the study (L5 onset range 23.54 -  00.25 h) w hich w as in 
contrast to the group that received the 17000 K  light condition first w hich w as m ore 
variable (L5 onset range 23.16 — 01.07 h). The 17000 K  light condition first group also 
had greater SEM  values for individual w eeks com pared to the 4000 K  light condition first 
group. These included (for the 17000 K  light condition first group) the second and th ird  
w eek o f  the 17000 K  light condition (SEM  =  1.01 h  and 1.05 h, respectively) and the 
fourth w eek o f  the 4000 K  light condition (SEM  =  1.13 h) com pared to an SEM  range o f  
0.48 -  0.65 h  for the 4000 K  light condition first group.
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Figure 5.11; Mean (± SEM) L5 onset (dec. h).
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL; baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
5.4.4.5 Most activity ten hours (MIO)
As Figure 5.12 A illustrates there were no significant differences betw een m ean (± SEM , 
n = 48) MIO values betw een the W O light condition (125 ± 11), 4000 K  light condition 
(126 ± 12) or the 17000 K  light condition (129 ± 12). The m ean M IO value for the BL 
w eek (128 ± 12, n = 45) was also w ithin a sim ilar range to ail other light conditions in the 
study.
D ifferences betw een w eekly M IO values (participants w ith 12 com plete w eeks o f  data 
only, n = 29) were not significant although the final two w eeks o f  the 17000 K light 
condition were higher (not significant) than all other w eeks (week 3: 151 ± 18 and week 
4: 153 ± 17). There were also increasing M IO values (not significant) across the 17000 K 
light condition in the group that received the 4000 K light condition first (w eek 1: 149 ± 
17, week 2: 153 ± 21, w eek 3: 166 ± 23, w eek 4: 171 ± 24, n = 17). This, how ever, w as 
not observed in the group that received the 17000 K light condition first (n = 12) w ith the
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range o f  M IO values across the 12 w eeks o f  the study being generally low er (17000 K 
first, range 1 0 2 -1 3 1 ;  4000 K  first, range 1 4 9 -1 7 1 ).
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Figure 5.12: Mean (± SEM) MIO.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n -  29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL; baseline, 4K; 4000 K light condition, WO; washout light condition, 17K; 17000 K light condition.
5.4.4.5.1 Mixed model analysis
The full and sim ple m ixed m odel analysis (section 5.3.2.5) (M l only) revealed a 
significant effect o f  condition w eek for the 17000 K  and 4000 K  light conditions, w here 
MIO was significantly higher during w eek 4 com pared to all other w eeks in the sam e 
light condition (full m odel: F (3, 291) = 3.53, p = 0.02, sim ple m odel: F (1, 291) = 3.50, p 
= 0.02). The full and sim ple M 2 m ixed m odels revealed a significantly h igher M IO during 
the 17000 K light condition com pared to the 4000 K  light condition (full m odel: F (1, 
282) = 4.53, p = 0.03, sim ple model: F (1, 283) = 4.93, p -  0.03).
5.4.4.6 Most active ten hours (MIO) onset
W hen all m ean (± SEM , n = 48) MIO onset tim es (decim al hours) were grouped by light 
condition (Figure 5.13 A) no significant differences were found betw een W O (9.55 ±  0.52
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h), the 4000 K light condition (9.31 ± 0.42 h) or the 17000 K  light condition (9.79 ± 0.45 
h). The MIO onset tim e for the BL w eek (9.99 ± 0.40, n  = 45) was sim ilar to all other 
light conditions.
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Figure 5.13: Mean (± SEM) MIO onset (dec. h).
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
There were no significant differences betw een w eeks during the study Figure 5.13 B. 
How ever, in the group that received the 17000 K  light condition first (n =  12), there were 
later M IO onset tim es across the 17000 K  light condition for the first three w eeks (Figure 
5.13 D, 17000 K  w eek 1: 9.56 ± 1.05 h, w eek 2: 10.12 ±  0.86 h, w eek 3: 10.90 ±  1.02 h). 
In the same group there was an advance (not significant) in MIO onset tim e during the 
final week o f  the 17000 K  (8.49 ± 1.02 h) and first w eek o f  W O (8.01 ± 0.88 h). The MIO 
onset then gradually delayed in the second and third w eeks o f  W O (W O w eek 2: 9.14 ± 
0.84 h, week 3: 9.25 ± 0.86 h).
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5.4.4.7 Amplitude (AMP)
As Figure 5.14 A illustrates, there were no significant differences in m ean (± SEM , n = 
48) A M P (am plitude) betw een the W O (97 ± 9.62), 4000 K  (100 ± 9.97) and the 17000 K 
light conditions (101 ± 9.66). A M P for the BL w eek w as also at a sim ilar level (105 ± 
10.07, n = 45).
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Figure 5.14: Mean (± SFM) AMP.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
A lthough the final two w eeks o f  the 17000 K  light condition (w eek 3: 122 ± 13, w eek 4: 
122 ± 15, n = 29) were higher than all w eeks during the 4000 K  light condition and W O 
light condition (Figure 5.14 B), the difference w as not statistically significant. The A M P 
for the BL w eek (122 ± 13, n = 29) was the sam e as the last two w eeks o f  the 17000 K 
light condition. W hen data were grouped by light condition order (Figure 5.14 C), there 
were increasing AM P levels across the 17000 K  light condition in the group that received 
the 4000 K  light condition first (17000 K  w eek 1: 122 ± 12, week two: 126 ± 15, w eek 3: 
134 ± 17, week 4: 139 ± 19, n = 17), although this difference was not significant.. This 
pattern was not observed in the group that received the 17000 K  light condition first. 
Across the 12 w eeks o f  the study the group o f  participants that received the 4000 K  light
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condition first overall had a higher A M P (130 ± 2) com pared to the participants that 
received the 17000 K light condition first (95 ±  2).
S.4.4.8 Relative amplitude (RA)
M ean (± SEM , n = 48) R A  (Figure 5.15 A) w as identical betw een the W O (0.66 ± 0.03), 
4000 K  (0.66 ± 0.03) and the 17000 K  light conditions (0.66 ± 0.03).
(A)
I °
® 0.80
I 0-75
ro 0.70 
0.65
I
T ~ r  “ T
4K WO
Light condition
(B)
BL 4K 4K 4K 4K WO WO WO 17K 17K 17K 17K
Light condition (Week)
(C)
I
.g 0.80 
i  0-75 
I 0.70 
^  0.65
1 4
BL 4K 4K 4K 4K WO WO WO 17K 17K 17K 17K
Light condition (Week)
0.80-
M . i \ U0.70-
BL 17K 17K 17K 17K WO WO WO 4K 4K 4K 4K
Light condition (Week)
Figure 5.15: Mean (± SEM) RA.
(A) Condition grouped data (n = 45), (B) weekly grouped data (n = 29), (C) weekly grouped data 4000 K 
light condition first (n = 17), (D) weekly grouped data 17000 K light condition first (n = 12).
BL: baseline, 4K: 4000 K light condition, WO: washout light condition, 17K: 17000 K light condition.
The RA  for the BL w eek was a little higher than the other light conditions (0.70 ± 0.03, n 
= 45). There were no significant differences in R A  betw een all 12 study w eeks (Figure 
5.15 B, n = 29). There w as a small drop in RA  during w eek 12 o f  the study for 
participants that received the 4000 K  light condition first (Figure 5.15 C, 17000 K week 
4: 0.71 ± 0.05, n = 17) and the 17000 K light condition first (Figure 5.15 D, 4000 K week 
4: 0.67 ± 0.06, n = 12). There was also a sm all drop in RA  during the fourth w eek o f  the 
17000 K light condition for the participants that received the 17000 K light condition first 
(0.67 ± 0.06) and during the second w eek o f  the 4000 K light condition (0.70 ± 0.05) 
com pared to w eek one (0.74 ± 0.04) for the participants that received the 4000 K  light
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condition first. There w ere how ever no statistically significant differences betw een any o f  
these weeks.
5.4.5 Relationship between light exposure and NPCRA variables
The relationship betw een the tim e participants spent in  light > 100 lux during the 17000 
K  light condition (section 4.4.2.1) and rest-activity  rhythm s w as investigated. The 
participants w ere arranged into ascending order depending upon tim e spent in  light >  100 
lux during the 17000 K  light condition and divided into 25%  percentiles (Figure 5.16). 
The top 25%  o f  participants (n =  12) spent significantly m ore tim e (m ean ±  SD) in  light > 
100 lux (338 ±  105 m inutes, t  (22) =  9.5, p  <  0.001) com pared to  the bottom  25%  o f  
participants (46 ± 2 1  m inutes, n=  12). A ll N PC R A  param eters from  these tw o groups (top 
and bottom  25%  o f  participants) w ere com pared using an unpaired S tudent’s t-test. 
Participants that spent the m ost tim e in  light >  100 lux had a significantly earlier L5 onset 
tim e (22.65 ±  0.37 dec. h, t  (22) =  4.0, p  <  0.001) com pared to the participants that spent 
the least am ount o f  tim e in  light >  100 lux (01.07 ±  0.48 dec. h). The participants that 
spent the m ost tim e in  light >  100 lux had a significantly earlier M IO onset tim e (7.91 ±  
0.66 dec. h, t  (22) = 4.2, p  <  0.001) com pared to the participants that spent the least 
am ount o f  tim e in light >  100 lux (11.5 ±  0.56 dec. h). N o other N PC R A  param eter w as 
show n to be statistical different betw een these tw o groups.
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Figure 5.16: The 25* percentile of participants that spent time in light >100 lux. 
Data from the 17000 K light condition.
(A) Mean (± SEM) L5 onset times (n = 12), (B) Mean (± SEM) MIO onset times (n = 12). 
*** p < 0.001 compared to the top 25%.
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5.5 Discussion
The aim  o f  this study w as to  com pare participant rest-activity  rhythm s during the w ashout 
(W O ), baseline (BL), 4000 K  and 17000 K  light conditions using data gathered from  the 
w rist w orn A ctiw atch-L  (AW L) activity and light m onitors. A lthough initial recruitm ent 
o f  participants w earing A W Ls w as good (n =  73), the drop out percentage w as high 
(21%). Coupled w ith  th is w as the poor quality  o f  som e o f  the data as a  consequence o f  
low  com pliance in  w earing the w atches (8% ). A s a  result only 71%  (n = 52) o f  the 
participants given w atches w ere included in  the rest-activity  data analysis.
5.5.1 MMSE
A lthough in the original exclusion criteria participants that w ere unable to answ er 
questions due to  a  cognitive im pairm ent w ere to be excluded from  the study, this criterion 
w as very  difficult to determ ine for som e care hom e residents in  a  short space o f  tim e. 
Consequently the average M M SE score o f  the study participants that com pleted the 
M M SE (n = 49), in all light conditions, w as 19 ±  6 (range 6 - 29). This m eant that m ost o f  
the study population had m ild  to m oderate cognitive im pairm ent. A lthough the m ean 
M M SE score w as not w ithin the norm al cognitive ability  range, it w as still h igher than  
m ost previous light studies in care hom e residents, w hich have prim arily  focussed on care 
hom e residents w ith dem entia (especially o f  the A lzheim er’s type) and (w hen reported) 
have had m uch low er average M M SE scores (V an Som eren et al, 1997; A ncoli-Israel et 
al, 2002; A ncoli-Israel et al, 2003a; D ow ling et al, 2005a; D ow ling et al, 2005b; 
O uslander et al, 2006; D ow ling et al, 2008; van  H o o f et al, 2008; van H o o f et al, 
2009). Two other previous studies have looked at a  m ore diverse range o f  elderly  care 
hom e residents (S loane et al, 2007; R iem ersm a-van der Lek et al, 2008), although in  the 
R iem ersm a-van der Lek et al, (2008) study the average M M SE score at BL w as low er 
(m ean ±  SD) 14.3 ±  7 in the control group, 14.5 ±  6.2 in  the light treatm ent group ) and in 
the Sloane et al, (2007) study there w ere no specific details o f  M M SE score (only 
categorised in the range o f  severe to very severe or m ild to m oderate).
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5.5.1.1 MMSE scores in each light condition
Participant’s scores in  the M M SE w ere no t significantly d ifferent betw een light 
conditions although there w as a trend  tow ards a higher score during the W O  (20.3 ± 6 .1 , 
p  = 0.058) and the 17000 K  (20.0 ±  5.8, p  =  0.053) light condition com pared to BL (19 ± 
5.9). The M M SE w as adm inistered by the sam e researcher for every participant for the 
duration o f  the study, w hich rules out the possib ility  o f  in ter-researcher differences. This 
trend o f  increased M M SE score in  the light conditions that follow ed BL could  thus be the 
consequence o f  the light intervention, but could also be the consequence o f  a  practice 
effect as participants becam e fam iliar w ith  the M M SE.
To investigate these differences further, the participant M M SE scores w ere placed into 
two separate groups, depending upon the sequence o f  light condition. In the  participants 
that received the 17000 K  light condition first (n =  19), there w ere no significant 
differences betw een M M SE scores in  the different conditions although participants scores 
during W O (19.2 ±  6.5) and the 4000 K  (18.6 ±  5.6) light condition w ere h igher than  BL 
(17.5 ±  6.2) and the 17000 K  (18 ±  5.5) light condition. By contrast, the participants that 
received the 4000 K  light condition first, participant M M SE scores w ere significantly 
higher during the 17000 K  light condition com pared to the 4000 K  light condition and 
BL.
B oth groups had a trend o f  higher M M SE score in  the final two conditions (W O  and 
experim ental light) com pared to the first tw o (BL and experim ental light) w hich w ould 
indicate a  practice effect over the duration o f  the study. H ow ever, th is w as only 
significantly different for the participants that received the 4000 K  light condition first. I f  
th is w ere only a practice effect then the participants that received the 17000 K  light 
condition first should also have had significantly h igher scores during the later 4000 K  
light condition. The findings could indicate that there w as a practice effect in  addition to 
an  effect o f  the 17000 K  lights. A lternatively the reason w hy the h igher M M SE score 
during the 4000 K  light condition (in the group that received the 17000 K  light condition 
first), did not reach statistical significance could be related to the sm aller sam ple num ber 
in this group (n = 1 9 ).
A nother indication o f  a  practice effect w as the higher M M SE scores during the W O  light 
condition (although not statistically different) to scores during BL in both groups. A s the
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artificial light levels w ere identical during both  these conditions (original care hom e 
lights) the effect o f  artificial light can be ruled out.
To date, the effect o f  light treatm ent on cognitive ability in  care hom e residents has been 
reported in tw o previous studies (Y am adera et al, 2000; R iem ersm a-van der Lek et al, 
2008). In the long term  study (up to 3.5 years) by R iem ersm a-van der Lek et a l (2008) 
the effects o f  increased light exposure (1000 lux in  the direction o f  gaze) on cognitive 
ability in participants w ere rated using the M M SE in com parison to a  group o f  
participants that did not receive increased light exposure. The light treatm ent group had  a 
reduced cognitive decline (m ean (± SD) M M SE score 14.5 ±  6.2 at pretreatm ent; 17.4 ±
3.7 at 1.5 years) after 1.5 years com pared to  the control group, that show ed a steady 
decline after 1.5 years (M M SE score 14.5 ±  6.2 at pretreatm ent; 13.7 ±  7.4 at 1.5 years). 
D irect com parisons w ith  the current study are d ifficult because o f  the differences in  study 
design and light duration. W hat is clearly seen from  the results o f  the current study, 
how ever, is that there w as no significant decline in  cognitive ability scores after 3 m onths 
com pared to the start o f  the study, a  result that w as also observed in  all treatm ent groups 
after 6 weeks, 6 m onths, and 1 year in  the R iem ersm a-van der Lek et a l (2008) study. 
This com parison serves to h ighlight the longer sam pling intervals required  in  order to 
m easure changes in  cognitive ability using currently  available tests. The duration o f  the 
current study w as possib ly  too short to m easure any significant change in  cognition over 
tim e or any positive effects in  response to  bright light exposure, w hich w ere only 
observed after 1.5 years in  the R iem ersm a-van der Lek et a l (2008) study. There are, 
how ever, design problem s to overcom e in  long term  studies o f  the  care hom e resident 
population, w here sam ple sizes are likely to decline over tim e due to illness and death  
(R iem ersm a-van der Lek et al, 2008); an issue w hich did not severely affect M M SE  data 
collected in the current study.
In the Y am adera et a l (2000) study 27 A lzheim er’s disease sufferers w ere exposed to 
3000 lux from  09:00 - 11:00 h  for four weeks. Scores on the M M SE and clinical dem entia 
rating (CDR) w ere m easured at BL and after four w eeks o f  light intervention. Scores on 
the C D R  did not im prove after light intervention but scores for the M M SE (7.8 ± 5 . 2  
before and 8.6 ±  6.3 after) w ere significantly im proved after light in tervention by 0.8 
points. The authors reported that although there w as an im provem ent in  M M SE  scores, 
there w as no decrease in  the severity o f  A lzheim er’s disease. The authors subsequently  
hypothesised that the im provem ent in the M M SE score w as the consequence o f  an
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im proved circadian rhythm  w hich show ed the greatest im provem ent in  the m ildly 
dem ented participant group and not the severely dem ented participant group. The 
evidence for this, how ever, w as sm all as only actigraphically  m easured sleep param eters 
w ere reported and not rest-activity  rhythm  data.
For an im provem ent in  M M SE scores to be considered clinically  significant an increase 
in  the M M SE score o f  3.72 points w as suggested by B urback et a l (1999). In both  
reported studies (Y am adera et al, 2000; R iem ersm a-van der Lek et al, 2008) the 
difference in  M M SE score did not reach this level although the R iem ersm a-van der Lek et 
al, (2008) study w as the closest w ith  an increase o f  2.9 points. In com parison an increase 
o f  1 point reported betw een BL and the 17000 K  light condition did not quite reach 
significance (p = 0.053) in  the current study.
5.5.2 Participant activity profiles
One o f  the findings from  this study w as the difference in  24 h  activity profiles o f  daytim e 
activity in individuals w ith  lim ited m obility  com pared to those that w ere independently  
m obile. The data from  participants in  CH7 (Figure 5.2) indicated that individuals w ith  no 
independent m obility  (defined as w heelchair bound) had activity profiles during the 
daytim e that m atched the institutional routines, w here the peaks o f  activity  w ere centred 
on m eal tim es and possibly going to  bed and getting up tim es. Individuals w ith  free 
m obility  had higher levels o f  activity in  general during the daytim e, w ithout any obvious 
peaks (Figure 5.3). It w as possible that any changes in  activity levels am ong the less 
m obile individuals m ay be subtle and difficult to d istinguish due to a  m asking effect o f  
the care hom es’ established routines. H ow ever, although th is phenom enon w as apparent 
in  the less m obile individuals in CH7, it w as not observed am ong w heelchair bound 
individuals in  other care hom es, w here the overall 24 h  profile w as low  and show ed very  
little variability.
Individuals that w ere m obile w ith the aid o f  a  w alking fram e show ed a surprisingly h igh 
level o f  activity that w as com parable to the individuals w ith  free m obility, except for the 
presence o f  a  sharp rise in activity at 07:00 h, 08:00 h  and 18:00 h. It is possible that these 
tim es coincide w ith  getting w ashed and dressed in  the m orning and evening and/or 
w alking w ith  the fram es to and from  com m unal areas. This is a  plausible explanation due 
to the physical m ovem ents required for a  sustained period o f  w alking w ith  a  fram e and
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could account for the difference betw een th is group and the free m obility  groups at the 
sam e tim e o f  day.
W heelchair bound individuals w ere usually  transported into and out o f  bed by care hom e 
s ta ff w ith the aid o f  a  hoist. Consequently there w as not a  great deal o f  m ovem ent m ade 
by the individuals them selves w hen com pared to  individuals who had w alking fram es that 
m ay be able to m aneuver them selves into and out o f  bed but w ith  greater physical 
exertion and m ovem ent. This m ay explain the reason for the absence o f  large peaks in 
activity during the m orning and evening in  the  w heelchair bound participants. These 
results how ever, m ust be interpreted w ith  caution as the sam ple size for the w heelchair 
bound participants w as m uch larger (n = 29, 62% ) than  all other m obility  groups.
W hat these results em phasise is the fact that the care hom e residents in  this study are a 
heterogeneous group o f  individuals and due to  a  generally m ore sedate w ay o f  life the 
im pact o f  an individual’s m obility upon actigraphically  m easured rest-activ ity  rhythm s 
w as high. M obility  is an im portant param eter that in  future should be considered w hen 
applying m odels for rest-activity  analysis in  a  field  study such as th is and should go hand 
in hand w ith  environm ental factors such as care hom e routines and m eal tim es.
5.5.3 Cosinor activity data grouped by light condition
To understand the effects o f  light on the circadian rest-activity rhythm  in care hom e 
residents, param etric (cosinor) param eters w ere analysed together as a  w hole in  addition 
to being split up into tw o groups; (i) participants w ith  com plete w eekly data sets (n  =  18), 
(ii) participants w ith  incom plete w eekly data sets (n = 20).
Participants that w ere excluded due to a  h igh num ber o f  w eeks o f  data that had  a non­
significant fit to the cosine curve constituted 57%  (8 out o f  14) o f  all excluded 
participants that w ore an AW L. W ithin the group o f  participants that had incom plete data 
sets but w ere included for light condition data analysis (n =  20), 60%  (12 out o f  20) had at 
least one w eek rem oved due to a  non-significant fit to the cosinor curve. W ith  so m any 
participants and w eeks excluded due to lack o f  a  significant fit to the cosinor m odel, it 
becam e im portant to com pare the group o f  participants that w ere included but d id  have 
w eeks rem oved w ith  participants w ith  com plete w eekly data sets that fit the m odel.
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The group w ith com plete data sets had significantly  higher activity m esor values during 
the 4000 K  and W O light conditions, com pared to the incom plete data group. The 
com plete data group also had significantly  h igher activity am plitude during all three light 
conditions com pared to the incom plete data set group. Com parisons w ith  BL could not be 
justified  due its shorter duration com pared to  all other light conditions, how ever, the BL 
light condition w ill be discussed further w here w eekly com parisons are m ade.
There are a  num ber o f  possib le explanations for the observed group differences in  activity  
param eters, nam ely differences in  m edication use, the possibility  o f  individuals w ith  
undiagnosed A lzheim er’s disease, tim e spent in  the lights, individual m obility  levels and 
individual participation in organised physical activities. M edication use w as sim ilar in 
both  groups w ith  equal num bers o f  participants taking antidepressants (n =  8), hypnotic 
drugs (n =  3) and sim ilar num bers taking antipsychotics (com plete data set group n  = 4; 
incom plete data set n  =  2) and glaucom a m edication (com plete data set group n  = 3; 
incom plete data set n  =  2). M ean (± SD) M M SE scores w ere also sim ilar betw een the 
groups (com plete data set group 21 ±  7; incom plete data set group 18 ±  7) indicating a 
sim ilar level o f  cognitive ability. In addition, the group difference w as unlikely  to  be 
caused by individual light exposure because the differences w ere observed across all light 
conditions. This w ill be discussed in m ore detail in  the follow ing sections.
A lthough the group sizes w ere sim ilar (18 for the com plete data set group and 20 for the 
incom plete data set group), the num ber o f  freely m obile individuals w as h igher in  the 
com plete data set group (n =  4) com pared to the incom plete data set group (n =  2). 
A dditionally  few er individuals were w heelchair bound in  the com plete data set group (n  = 
10, 56% ) com pared to the incom plete data set group (n =  15, 75% ). A s there w as no 
significant group difference in the tim ing o f  the peak  o f  activity (acrophase), in  contrast 
to the m esor and am plitude, it seem s likely that the heterogeneous d istribution o f  
individuals w ith  varying m obility levels w as the m ost likely cause o f  th is group 
difference. It w as also possible that the least m obile individuals w ere the ones that w ere 
m ost likely to have rest-activity data that did no t fit the cosinor m odel and thus w as 
rejected.
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5.5.3.1 Mesor and amplitude
In the present study, during each light condition, no significant d ifferences w ere observed 
in  the param etric rest-activity  param eters o f  m esor and am plitude. This finding is at odds 
w ith  three previous care hom e studies treating elderly residents to a  bright light 
intervention, w hich have show n a significant change in  the rest-activ ity  rhythm  
param eters o f  m esor (A ncoli-Israel et al, 2002; Fetveit et al, 2003) or am plitude (Satlin 
et al, 1992). A dditionally, another study show ed increased activity am plitude after a 
bright light intervention (>2500 lux o f  light 09:30 - 10:30 h, 5 days a  w eek for ten  w eeks) 
in  com bination w ith orally adm inistered m elatonin  (5 m g per day, 5 days per w eek for 10 
w eeks) (D ow ling et al, 2008). In th is study, how ever, bright light treatm ent w ith  a 
placebo w as not adequate to  induce a significant change in  am plitude (D ow ling et al, 
2008).
A lthough in the A ncoli-Israel et a l  (2002), Fetveit et a l (2003) and Satlin et a l (1992) 
studies the duration o f  light intervention w as o f  a  short duration (two w eeks), a  range o f  
light intensities, daily durations and tim ings w ere used. One com m on feature o f  all o f  the 
above studies is the short duration o f  actigraph data collection. W ith  the exception o f  the 
Fetveit et a l study (2003) all o f  the above studies used less than seven days o f  actigraphy 
data at BL or pre-treatm ent and during (usually  at the end of) each light condition. Length 
o f  data collection w as particularly  low  for the Satlin et a l study (1992) in  w hich  tw o days 
o f  data w ere analysed for each treatm ent period. The low  sam pling duration could  have 
increased the potential for variable results and m ay explain w hy no significant d ifferences 
have been found in  m esor or am plitude in  later studies w ith short sam pling periods 
(Shochat et al, 2000; D ow ling et al, 2005b). H ow ever, by  contrast other studies that 
have found no significant changes in  m esor and am plitude (Skjerve et al, 2004; Sloane et 
al, 2007) did have longer activity sam pling durations o f  one and four w eeks and one 
w eek, respectively.
In the current study, A W L sam pling duration lasted a m axim um  o f  four w eeks during the 
experim ental light interventions, three w eeks during the w ashout condition and one w eek 
during BL. It is possible that th is longer data set w ill reduce the potential for variable 
results and provide a robust data set that reflects the actual activity  levels o f  the 
participants. H ow ever by taking m ean values across each light condition, any subtle 
effects that gradually build over a tim e course o f  w eeks are unlikely to be observed.
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Consequently w eekly rest-activity  data w as exam ined and w ill be discussed further in 
section 5.5.4.
5.5.3.2 Acrophase
The reporting o f  arbitrary activity  units and the use o f  a  variety  o f  d ifferent activity 
m onitors in  previously published studies m akes com parison o f  m esor and am plitude 
betw een studies difficult. By contrast the values for acrophase are alw ays reported 
according to the 24 h  clock or in  decim al hour form at enabling direct com parison betw een 
studies to be m ade.
W hen all participant data w ere grouped together the activity acrophase (m ean ±  SEM , 
decim al hours) during the 17000 K  light condition w as advanced by  39 m inutes (14.16 ±  
0.55 h) com pared to the 4000 K  light condition (14.81 ±  0.49 h) and w as advanced by  33 
m inutes com pared to the W O (14.71 ±  0.40 h) light condition. These differences, w ere 
not statistically significant w hen using repeated m easures A N O V A  (n =  38), how ever, the 
m ixed m odel analysis revealed a significant advance in  the acrophase tim e during the 
17000 K  light condition (full m odel M l:  p  =  0.039, M 2: p =  0.042), com pared to  the 4000 
K  light condition. The acrophase during the 17000 K  light condition for the groups w ith  
com plete w eekly data (14.13 ±  34 h) and incom plete w eekly data sets (14.19 ±  1.01 h) 
were very  sim ilar, although there w as m ore variability  in  the incom plete data  set group.
The only other care hom e study to investigate acrophase in  an all day ligh t in tervention 
w as reported by Sloane et al. (2007) in  a  three w eek  study (8.4 h  light per day on average) 
that revealed no significant (7 m inute advance) change com pared to  a  norm al dim  light 
control. There was, how ever, a  significant advance o f  29 m inutes in  activ ity  acrophase 
after a  m orning light intervention o f  2.5 - 3 hours for three w eeks (m ean ±  SEM , standard 
light: 14:11 ±  0:14 h  com pared to end o f  light intervention: 13:42 ±  0:14 h) (S loane et al, 
2007). A lthough the light intervention w as across the w hole day in the current study, it 
was not balanced in  term s o f  the tim ing o f  the light on the advancing and delaying 
portions o f  the phase response curve (PRC) to light. The m ajority  o f  residents w ere 
exposed to light in the m orning (from  approxim ately 08:00 h) and not late at night, as 
they often retired to their room s after supper (at approxim ately 20:00 h, see F igure 4.10 
for m edian hourly lux levels in all participants). The significantly advanced acrophase in 
the 17000 K  light condition com pared to the 4000 K  light condition in  the current study
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(PRO C M IX ED  results) could be related to  the participants’ endogenous phase and the 
tim ing o f  the light exposure, w ith  the study participants’ being exposed to the brighter 
17000 K  light during the phase advancing portion o f  the light PR C in the m orning.
Previous light intervention studies have m ainly focussed on m orning or evening bright 
light treatm ent, w hich m akes it difficult to draw  com parisons w ith  the current study. M ost 
o f  these studies have reported a phase advance response to  m orning bright light although 
only one reported a significant difference. Skjerve et al. (2004) reported  a significant 
phase advance o f  58 m inutes in  care hom e residents w ith  A lzheim er’s disease or vascular 
dem entia. The bright light (5000 -  8000 lux) w as adm inistered for 45 m inutes in  the 
m orning for 4 w eeks and rest-activity  rhythm  param eters w ere com pared to a  BL week. 
A lthough the light intervention w as o f  a  sim ilar duration to the current study and 
actigraphy w as recorded for six out o f  eight weeks, one o f  the m ajor lim itations w as the 
sm all sam ple size, w hich included ju s t 10 participants.
D ow ling et al, (2005b) reported a (non significant) phase advance in  activity  acrophase 
o f  17 m inutes (m ean ±  SD, baseline: 15:28 ±  3:19 h  com pared to  end o f  light 
intervention: 15:11 ±  3:40 h) for a  light in tervention group that received an  hour o f  bright 
light (> 2500 lux) in  the m orning for ten  weeks. A lthough the participants in  th is study 
w ere o f  a  sim ilar age to the current study, all participating care hom e residents w ere 
diagnosed w ith  A lzheim er’s disease (m ean ±  SD M M SE 7 ±  7, range 0 - 23). In a  later 
study by D ow ling et al. (2008) a  phase advance o f  34 m inutes o f  the activity  acrophase 
w as also observed after a  ten  w eek intervention o f  light (> 2500 lux) for one hour each 
m orning for five days a week. H ow ever this difference (baseline: 13.76 ±  3.30 h, end o f  
light study: 13.37 ±  1.71 h) w as not statistically significant.
The results reported in  these studies and the finding observed in  the current study are in 
contrast to results reported by A ncoli-Israel et al (2002). In th is 2002 study, 77 
participants (m ean ±  SD M M SE 12.8 ±  8.8, range 0 - 30) exposed to  m orning bright light 
(2500 lux) for two hours per day (09:30 to 11:30 h) for 18 days had a significantly  
delayed activity acrophase o f  1 h  46 m inutes (m ean ±  SD, baseline: 13:00 ±  2:04 h, light 
treatm ent w eek two: 14:45 ±  2:54 h). By contrast to the current study the light condition 
w as shorter and the participants had m uch low er M M SE scores indicating that dem entia 
w as m ore prevalent am ong this study population. The unexpected delay in  activity 
acrophase for participants in  the A ncoli-Israel et a l (2002) study could have been  the
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consequence o f  the design protocol and the care hom e routines. D uring the m orning light 
intervention participants had to rem ain  seated for 2 hours w hich could have affected the 
activity acrophase especially  i f  this w as different from  the usual institutional routines in 
the no-light intervention periods.
The activity acrophase range determ ined in  the current study for all light conditions 
(14.16 h  to  14.81 h) is com parable to, i f  a  little earlier than  the 15.04 h  ±  1.2 h  determ ined 
by Satlin et al (1995) in  healthy elderly individuals (m ean ±  SD age 72.8 ±  5.9 years). 
A lzheim er’s participants had a  significantly later acrophase o f  17.46 ±  4.6 h  in  th is study 
and although these individuals w ere bed bound and activity data w ere m ost likely 
influenced by care hom e routines, it did fit w ith  the expected activity  profile from  
individuals exhibiting sun dow n syndrom e. Furtherm ore a  later study by V olicer et al. 
(2001) confirm ed a later activity acrophase in non-am bulatory individuals w ith  
A lzheim er’s disease (1 hour 8 m inutes) com pared to am bulatory older individuals (m ean 
±  SD, 16:38 ±  3.6 h) w ith  A lzheim er’s disease. This difference serves to em phasise the 
im pact that care hom e routines m ay have upon the acrophase o f  activity in  less m obile 
care hom e residents.
In com parison to the acrophase o f  activity m easured in  older people living in  care hom es 
in the current study (m ean ±  SEM  range: 14.16 ±  0.55 to 14.81 ±  0.49 h), Lederle (2010) 
found an earlier acrophase o f  activity  (m ean ±  SEM  range: 13.4 ±  0.2 h  to  13.9 ±  0.2 h) in  
older people living in  the com m unity. In th is com m unity study participants exhibited a 
consistent and stable acrophase o f  activity that w as not significantly d ifferent betw een 
different light conditions. B y contrast the SEM  m easured during each light condition in  
the current care hom e study w as greater than  the com m unity study indicating that there 
w as greater variation in  acrophase betw een study participants and across the study weeks.
5.5.4 Cosinor analysis of activity data grouped by study week
The absence o f  a  significant effect o f  the experim ental lights on param etric rest-activ ity  
m esor and am plitude data w hen grouped by light condition could be the consequence o f  a 
gradual effect over tim e that was lost w hen the w eekly data w ere grouped together. 
Consequently, the follow ing sections w ill discuss the results o f  param etric circadian 
param eters that w ere grouped by study w eek and additionally  p laced in  the correct light 
condition order.
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5.5.4.1 Mesor and amplitude
W hen participant activity data for the cosinor param eters o f  m esor and am plitude 'were 
grouped by study w eek, there w as a significant increase in  m esor (m ean ±  SEM ) during 
the th ird  w eek o f  the 17000 K  light condition (5439 ±  605 activity counts) com pared to 
the th ird  w eek o f  the w ashout light condition (4555 ±  693 activity  counts, p  =  0.038). 
H ow ever, this did not reach statistical significance w hen the data w ere separated into 
groups according to  the order o f  the light condition, although this could be confounded by 
the low  sam ple num ber for each group used in  the statistical calculations.
In the participants that received the 17000 K  light condition first, the trend observed 
during the 17000 K  light condition o f  increasing m esor and am plitude continuing into the 
first tw o w eeks o f  the W O condition could be evidence o f  a  carry over effect o f  the 17000 
K  light condition. A lthough no carryover effect has been reported in  param etric  cosinor 
rest-activity  rhythm  data in  any previous care hom e studies, Fetveit and B jorvatn  (2004) 
found a persistent change in  sleep efficiency param eters (m easured using A W L data) four 
w eeks after a  tw o w eek bright light intervention. This finding is in  contrast to  V an 
Som eren et a l (1997) w here no significant difference in  non-param etric circadian rhythm  
param eters four w eeks after a  bright light in tervention w as noted. A lthough A W L data 
were not recorded at one w eek and tw o w eeks post light treatm ent, the  authors w ere 
confident enough that there w as no lasting effect o f  the light intervention to  pool the  data 
collected after four w eeks, w ith  pre light treatm ent baseline data.
It is possible that w ith an increased duration o f  bright light intervention, sim ilar to  that 
reported by D ow ling et a l (2008) and R iem ersm a-van der Lek et a l  (2008), the  findings 
from  the current study w ould have yielded significant increases in  m esor and am plitude 
com pared to the W O  condition. How ever, unlike the random ised trials w ith  long light 
interventions, the current protocol w as a crossover design that com pared all individuals in 
three different light conditions and was conducted in  seven different care hom es during 
the autum n/w inter m onths. The inherent strengths in  the crossover design are helpful 
w hen investigating a heterogeneous group o f  individuals such as in  the current study. A n 
additional strength o f  the current study is the fact that m ultiple care hom e environm ents 
were utilised and provided a heterogeneous sam ple population that w ould reflect that 
found in m ost care hom es in  South East England.
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S.5.4.2 Acrophase
A lthough not significantly different, the activity acrophase during the BL w eek w as later 
w hen com pared to all other w eeks in  the study. The later acrophase during BL occurred in 
the groups that received the 17000 K  light condition first as w ell as the 4000 K  light 
condition first but th is did not return  to a  later acrophase during the W O  light condition. 
One possible explanation for the later acrophase at BL could be the difference in  season 
as 11 out o f  18 participants (61% ) had their BL light condition during early  Septem ber. 
H ow ever, i f  there w as an effect o f  a  longer natural photoperiod this w ould last longer than 
ju s t for the BL w eek and a later acrophase w ould also be expected during the first w eeks 
o f  light treatm ent. D aylight savings in  the U K  is alw ays the last w eekend in  O ctober, 
w hich does not coincide w ith  the tim ing o f  the BL w eek that began in  Septem ber. It is 
also plausible that the later acrophase at BL w as the consequence o f  the start o f  study as 
the residents first got used to w earing the A W Ls.
In the participants that received the 17000 K  light condition first there appeared to  be a 
trend o f  a  gradually m ore advanced acrophase (m ean ±  SEM  decim al hours), starting at 
BL (15.12 ±  0.57 h) and ending on w eek four o f  the 17000 K  light condition (14.08 ±  
0.61 h). This w as an advance in  acrophase o f  1.4 hours w hich w as greater than  the 
advance o f  0.63 hours betw een BL (14.76 ±  0.73 h) and w eek four (14.13 ±  0.56 h) for 
the participants that received the 4000 K  light condition first. For the participants that 
received the 17000 K  light condition first, during the first tw o w eeks o f  the W O 
condition, the acrophase rem ained at a  consistent level (w eek one: 14.15 ±  0.61 h, w eek 
tw o 14.08 ±  0.74 h) sim ilar to that during the final w eek o f  the 17000 K  light condition 
(14.08 ±  0.6 h). This could be further evidence o f  a  carry over effect observed in  the 
m esor and am plitude data sets and w as further em phasised by the later acrophase in  the 
third w eek o f  W O (14.47 ±  0.51 h) and the first w eek  o f  the 4000 K  light condition  (14.59 
±  0.62 h). Interestingly, no advances in acrophase during the 17000 K  or W O  w ere seen 
in the group that received the 4000 K  light condition first. In these participants, the 
acrophase during all w eeks follow ing BL w ere m ore consistent (range 14.32 h  to 13.98 
h). A lthough age and M M SE score w ere not statistically d ifferent betw een these tw o 
groups, differences during the 17000 K  light condition could be related to  differences in 
m edication, m obility, visual acuity or care hom e routine. M edication use w as different 
betw een these two groups w ith a  higher percentage o f  participants in  the 17000 K  light 
condition first group taking antipsychotic (43% , n  =  3) and hypnotic drugs (29% , n  =  2)
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com pared to the group that received the 4000 K  light condition first (9%  for both 
hypnotic and antipsychotic drugs, n  = 1). A dditionally  27%  o f  the participants that 
received the 4000 K  light condition first (n =  3) w ere taking glaucom a m edication 
com pared to none o f  the participants in the 17000 K  light condition first group. V isual 
im pairm ent w as sim ilar in  both groups (17000 K  first 14%, 4000 K  first 18%) but the 
participants that received the 17000 K  light condition first also had a m uch higher 
percentage o f  w heelchair bound individuals (86% , n  = 6) com pared to the participants 
that received the 4000 K  light condition first (36% , n  =  4). A s the sam ple num bers are 
sm all, no statistical analysis o f  these group differences w as possible
The lack o f  a  significant effect o f  light condition on m ost o f  the cosinor param eters 
m easured each w eek could also be related to  the unsuitability  o f  the cosinor m odel as an 
analysis tool for rest-activity  data generated by an older m ild  and non-dem ented 
population o f  care hom e residents as suggested previously  by V an Som eren et a l (1999). 
Thus in the follow ing sections nonparam etric analysis o f  the rest-activity  rhythm s is 
discussed.
5.5.5 Non-parametric circadian rhythm analysis
The suitability o f  the param etric circadian m odel in  the analysis o f  actigraphically  
m easured rest-activity  data has previously been brought into question, especially  w hen 
investigating the rest-activity  rhythm s o f  elderly people living in  group care facilities 
(V an Som eren et al, 1999). Som e groups have utilised  alternative m ostly  non-param etric 
m odels (W itting et al, 1990; Satlin et al, 1995; V an Som eren et al, 1997) w hen 
investigating the rest-activity  rhythm s in  A lzheim er’s sufferers, w hereas others have 
reported param etric as w ell as nonparam etric data (Skjerve et al, 2004; Sloane et al, 
2007; D ow ling et al, 2008). The non-param etric m odel assum es a rhythm  w ith  a 24 h  
period and instead o f  fitting the activity data to  a  sine w ave (as is the case w ith  the 
cosinor m odel) it, fits the data to a  square w ave. The rationale behind th is is taken from  
the shape o f  24 h  actigraphy profiles, w hich m ore closely resem ble a square w ave form  
than  a sine wave. The difference betw een these tw o m odels w as highlighted by  V an 
Som eren et a l (1999) in a  re-exam ination o f  data published by C olenda et a l (1997), in 
w hich no significant differences were found after light treatm ent in  the  cosinor
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param eters o f  m esor, acrophase, and am plitude, but a  significant difference w as found in 
the non-param etric param eter o f  IV.
5.5.5 .1 Interdaily stability (IS)
Interdaily  stability scores for young adults and healthy older people have previously  been 
reported in  the range o f  0.6 - 0.8 (W itting et al, 1990; Satlin et al, 1995). In  the current 
study participants’ IS scores grouped by light condition were consistently  low  during the 
W O, 4000 K  and 17000 K  light conditions (range 0.42-0.43). Interestingly the w eekly IS 
recorded in  the current study (range 0.51 -  0.54) m ore closely resem ble the IS values 
recorded by Satlin et a l (1995) in  A lzheim er’s sufferers (0.48 ± 0 . 1 4 )  than  in  their age- 
m atched controls (0.78 ±  0.09). A  sim ilar IS w as also reported by V an Som eren et al, 
(1999) in A lzheim er’s sufferers and older people w ith  other form s o f  dem entia pre light 
treatm ent. O ther studies have also reported low  IS values in  care hom e residents w ith  
m oderate to severe dem entia (Skjerve et al, 2004; Sloane et al, 2007). The reason for the 
low  IS in the non-dem ented participants in  the current study is unclear although this could 
be related to the h igh percentage o f  w heelchair bound participants (63% ). A  low  IS score 
indicates a  higher day to day variation o f  rest-activity  rhythm s, w hich in  th is study m ay 
be the result o f  decreased independent m obility  and the subsequent influence o f  the care 
hom e routine. Previous studies have reported m ean IS values obtained from  seven or less 
days o f  A W L data w hich w as proven to be less robust than  using up to  10 days o f  data in 
dem ented older individuals (V an Som eren, 2007). The previously reported  IS values m ay 
thus have been overestim ated.
The trend o f  decreasing IS observed from  w eek one to w eek four during the 17000 K  
light condition did not reach statistical significance. The 17000 K  lights w ere 
hypothesised to change N PC R A  param eters and potentially  strengthen the coupling 
betw een the rest-activity  rhythm  and the external zeitgeber and reduce day to day 
variation in  rest and activity. A lthough significant increases in  IS have been  reported  in 
care hom e residents after bright light interventions (V an Som eren et al, 1999; D ow ling et 
al, 2005a), all previous studies have exam ined older populations w ith  low  cognitive 
ability. The current study investigated prim arily  non-dem ented older individuals that m ay 
have a different response to increased blue-enriched light levels.
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5.5.5.2 Intradaily variability (IV)
H igher intradaily variability  indicates a  m ore fragm ented rhythm , w ith  values close to 
zero representing a perfect sine w ave and values up to 2 for G aussian noise. IV in the 
current study w as consistently  high w ith  no significant differences betw een light 
conditions (range 1.27 -  1.32). A nalysis o f  w eekly IV levels revealed sim ilarly h igh 
w eekly fragm entation to that m easured in  the condition grouped data. U nlike the IS 
results this IV  data set did not appear to be influenced by  the low er num ber o f  days o f  
data used as w as described by V an Som eren (2007).
The fragm entation o f  the rest-activity  rhythm  w as com parable to levels reported by other 
groups in light studies on dem ented elderly care hom es residents (Skjerve et al, 2004; 
Sloane et al, 2007; D ow ling et al, 2008). H ow ever all studies have reported no 
significant differences in  IV in  response to bright light treatm ent. The only study to have 
reported a  low ering o f  the fragm entation o f  the rest-activity  rhythm  (IV) in  response to 
light, also found that visual acuity w as a significant predictor in the change from  baseline 
(V an Som eren et a l,  1997). O ut o f  22 participants, 5 (29% ) w ere visually  im paired 
com pared to 5 participants (10% ) in the current study. O nly tw o participants w ith  the 
m ost severe visual im pairm ent (totally blind w ith  no perception o f  light) w ere excluded 
from  the rest-activity  data analysis in  the current study. Consequently  it is possib le that 
significant im provem ents in  IV could be achieved by  excluding the rem aining 
participants w ith  visual deficits.
W itting et a l (1990) previously reported significantly h igher IV for A lzheim er’s patients 
com pared to age-m atched controls and younger individuals. The current study in  non- 
dem ented care hom e residents found sim ilar IV scores to  those reported in  participants 
w ith  A lzheim er’s disease (1.0) rather than  the age-m atched controls (0.7). A s discussed 
previously it is possible that the elevated fragm entation o f  the rest-activity  rhythm  in the 
current study w as caused by the presence o f  som e visually  im paired individuals. In 
addition, although the individuals in  the current study had a  m ean M M SE score o f  20, 
there are a  sm all num ber o f  individuals w ith  low er M M SE scores indicating a low er 
cognitive ability and w hich m ay have contributed to  the h igher IV data observed. F inally  
it is possible that the high num ber o f  w heelchair bound participants in the current study 
(63% ) m ay have m asked any changes in  IV during the 17000 K  light condition due to the 
higher dependency level o f  these individuals and the consequent influence o f  the care 
hom e routine.
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5.5.5.5 Least five hours o f activity (L5)
The L5 is a  m ean o f  the least five hours o f  activity  in  w hich a  low er value represents 
low er m ean activity  during the rest period. In  th is study there w as a significant increase in 
L5 during the 17000 K  light condition com pared to the 4000 K  light condition as show n 
in the m ixed m odel analysis. There w as also a trend  o f  increasing L5 activity  from  w eek 1 
to w eek 4 o f  the 17000 K  light condition and although this did not reach significance it 
supports the finding that participants w ere m ore active during the least active 5 hours o f  
the day.
A  significant increase o f  L5 activity during the 17000 K  light condition is difficult to 
interpret. The only previous studies to  report L5 data, show ed no significant d ifferences 
betw een care hom e residents w ith  A lzheim er’s disease treated  w ith  bright light com pared 
to control groups (D ow ling et al., 2005a; D ow ling et al, 2008). It is possib le that 
participants in the current study w ere exposed to  increased light levels during the evening 
tim e that phase delayed the rest-activity  rhythm s and thereby increase nighttim e activity, 
i f  participants bed tim es w ere institutionally  set. H ow ever, there is no evidence o f  a  phase 
delay from  the activity acrophase w hich in  fact w as significantly advanced during the 
17000 K  light condition com pared to  the 4000 K  light condition (section 5.4.3.3). It is 
also possible that increased light in  the evening tim e caused an acute alerting effect that 
transiently  increased activity levels but did not alter circadian phase (C am pbell et al, 
1995; C ajochen et al, 2000). D ata from  chapter four supports the idea that som e residents 
were exposed to the 17000 K  lights in  the evening tim e in  that there w as a second peak  in 
m edian light exposure from  17:00 - 19:00 h  that coincided w ith  the evening m eal (section 
4.4.4.1). This idea is further supported by  recent w ork published by C hellappa et al 
(2011), w here 90 m inutes o f  evening (21:30 - 23:30 h) blue-enriched polychrom atic light 
(6500 K) set at ju s t 40 lux w as sufficient to increase subjective alertness, v igilance and 
suppress m elatonin com pared to low er colour tem perature lights (2500 K). In  the current 
study m ost-participants retired to their ow n room s after their evening m eal and w ere 
unlikely to be in the com m unal room s w ith  the experim ental lights later than  21:00 h, or 
at a  tim e o f  the day that w ould cause a greater phase delay o f  the circadian rhythm . A n 
alternative explanation o f  these results is that due to a  phase advance o f  the circadian 
rhythm , as indicated by the advanced activity  acrophase, the participants w ere w aking  up 
at an earlier tim e o f  day. I f  the participants had low  m obility  then  institu tionally  set get up
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tim es w ould have occurred m uch later com pared to  the tim e that they w oke up. This 
could m ean that during the end o f  the least active 5 hours o f  activity, the participants were 
awake and m ore active, w hen previously they w ould  have been asleep.
W hen participant data w as grouped according to  the light condition order it appeared that 
the group that received the 4000 K  light condition first had higher L5 levels in  all w eeks 
o f  the study com pared to  the group that received the 17000 K  light condition first. 
A lthough there w ere no significant differences in  age betw een these tw o groups, there 
w as a significant difference in  M M SE score (p =  0.028) w ith  low er scores in  the 17000 K  
light condition first group (17 ±  7) com pared to  the  4000 K  light condition first group (23 
±  6). A dditionally  there w as a higher percentage o f  participants that w ere w heelchair 
bound (66.7% ) in  the group that received the 17000 K  light condition first com pared to 
the group that received the 4000 K  light condition first (52.9% ). These group differences 
m ay account for the overall low er L5 level in  the participants that received the 17000 K  
light first.
5,5,5,4 Least Jive hours o f activity (L5) onset
The onset tim e o f  the least five hours o f  activity (L5) w as not significantly  different 
betw een light conditions and ranged from  23.67 h  during the second w eek o f  4000 K  light 
condition to 24.46 h  during the second and th ird  w eeks o f  the 17000 K  light condition. 
There w ere, how ever, significant differences betw een the 25%  o f  participants that spent 
the m ost tim e in  light > 1 0 0  lux com pared to the 25%  o f  participants that spent the least 
tim e in  light > 1 0 0  lux during the 17000 K  light condition. L5 onset w as significantly  
m ore advanced in  the participants that spent the m ost tim e in  light during the 17000 K  
light condition (p <  0.001). A lthough these results should be treated  w ith caution, as the 
L5 onset during the other light conditions w as not investigated, it does support the finding 
o f  a  significantly advanced activity acrophase during the 17000 K  light condition (section 
5.4.3.3). This finding is also supported by  the fact the participants that spent the m ost 
tim e in light > 100 lux (during the 17000 K  condition) also had a significantly advanced 
M IO onset com pared to the participants that spent the least tim e in light > 1 0 0  lux. These 
findings, how ever, are in  contrast to results reported by Shochat et a l (2000), show ing 
that increased bright light exposure predicted a  m ore delayed activity acrophase in a 
group o f  care hom e residents. A lthough the level o f  cognitive ability  w as also correlated
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w ith the findings in  this study, the m ain  lim itation w as the fact that only 3 days o f  light 
and activity  data w ere recorded. A s discussed previously (section 5.5.3.1) longer 
sam pling periods are preferred for activity  data collection (V an Som eren 2007) and a 
short data collection period m ay lead to increase variability  in the data.
There w ere also differences betw een the study participants that received the 17000 K  
light condition first com pared to the 4000 K  light condition first. Study w eeks for the 
form er had  greater variation as indicated by the h igher SEM  w hich w as in  contrast to  the 
participants that received the 4000 K  light condition first w hich dem onstrated regular L5 
onset tim e. Further inspection o f  the raw  data revealed the presence o f  a  participant that 
w as visually  im paired and had a delayed BE L5 onset tim e o f  04.60 h. A lthough this 
participant had conscious light perception he appeared to  have a free running rhythm  w ith  
L5 onset tim es that ranged from  22.37 h  to 11.18 h. This w as probably the reason for the 
greater variation in  the participants that received the 17000 K  light condition first. Two 
previous studies have reported no changes in  L5 onset tim es in  response to increased light 
treatm ent. Fetveit and B jorvatn (2004) reported  an L5 onset tim e o f  0:48 and no change 
after 14 days o f  m orning bright light for 2 hours per day in care hom e residents w ith  
dem entia. D ow ling et al. (2005a) also reported no effect o f  bright m orning ligh t on L5 
onset, how ever, in  a  sub-population o f  residents w ith  aberrant L5 onset tim es (defined as 
betw een 03:01 and 19:59 h) there w as a significant im provem ent in  IS and RA . E xcept 
for the v isually  im paired participant previously discussed, only tw o participants in  the 
current study population were w ith in  the L5 range classified by D ow ling and colleagues 
as aberrant (03:01 - 19:59 h, for 2 or m ore w eeks w ith in  a light condition). The low  
num bers o f  participants w ith in  this aberrant L5 onset range could be related  to  the 
cognitive health  o f  the individuals recruited in  the current study as none w ere reported  to 
be suffering w ith  dem entia and m ay explain w hy no significant d ifferences w ere found 
betw een light conditions for L5 onset that w ere observed by  D ow ling et al, (2005a).
5,5.5.5 Most active ten hours (MIO)
The m ean activity o f  the m ost active ten  hours (M IO) w as significantly h igher during the 
17000 K  light condition com pared to the 4000 K  light condition in the p resent study (M 2 
full and sim ple m ixed m odel results). From  the repeated A N O V A  results th is appeared to 
be the 4000 K  light condition first, where the general m ean activity level across all 12
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w eeks w as higher than  the participant group that received the 17000 K  light condition 
first. The reason for the group difference m ay be related to m obility  level w hich was 
poorer in  the 17000 K  first group (17000 K  first w heelchair bound: n  =  8, 67% , 4000 K  
first w heelchair bound: n  = 9, 53% ) and the m ean M M SE score w hich w as significantly 
low er (17000 K  first: 17 ±  7, 4000 K  first: 23 ±  5, p =  0.028) in the 17000 K  first group. 
A nother possible difference betw een the tw o groups could have been the provision o f  
activities during the daytim e in  each care hom e. CH5, in  particular, w hich m ade up 58%  
o f  individuals in  the group that received the 17000 K  light condition first, did  not have an 
activities coordinator and no provisions w ere m ade for organised activities.
A n additional finding in  th is study w as the trend for increased M IO in  the fourth w eek o f  
both  light conditions (4000 K  and 17000 K) com pared to the first, second and th ird  w eeks 
o f  the respective light conditions. The results indicate an accum ulative effect o f  light on 
the participant’s activity level during the m ost active ten  hours o f  the day. This w as the 
only reported finding betw een study weeks.
Only one previous study reported a significant increase in  M IO after a  1 hour m orning 
bright light intervention w ith an oral adm inistration o f  m elatonin (D ow ling et al, 2008), 
how ever light alone did not significantly increase MIO.  The only o ther study to report 
M IO also found no significant im provem ents after m orning bright light exposure 
(D ow ling et al, 2005a). The m ajor difference betw een these studies and the current study 
is the duration o f  the light intervention and the type o f  lights used. A lthough the lux levels 
w ere brighter from  the light boxes used in  these studies (> 2500 lux in  the  d irection o f  
gaze) the relatively short light pulse in the m orning (1 hour, 09:30 - 10:30 h) m ay have 
been insufficient to affect rest-activity  rhythm s. A dditionally  these light boxes did  not 
produce short w avelength enriched light, unlike the 17000 K  lights in  the current study.
5 .5.5.6 Most active ten hours (MIO) onset
There w as no significant difference in  the onset tim e o f  the ten  m ost active hours (M IO) 
betw een light conditions (repeated m easures A N O V A  anaysis). The tim ing o f  the onset o f  
the m ost active 10 hours w as significantly (p <  0.001) m ore advanced in  the study 
participants that, during the 17000 K  light condition, spent the m ost tim e in light levels > 
100 lux com pared to the participants that spent the least tim e in  light > 1 0 0  lux. A lthough 
the M IO onset w as not significantly m ore advanced in  the 17000 K  light condition
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com pared to all other light conditions, an advance in  M IO onset in  the individuals that 
w ere exposed to m ore light could have been m asked by the care hom e routines. It is 
possible that individuals w ith  reduced m obility  that w ere aw ake earlier (increased L5), 
m ay not have been able to get them selves out o f  bed in  the m orning because o f  
dependency upon s ta ff and w hen they  did get up, they w ere m ore active throughout the 
day (as indicated by the significantly increased L5 and M IO during the 17000 K  light 
condition). A s the m ajority o f  participants spent m ore tim e in  the com m unal room s w ith  
the light intervention in  the m ornings than at night, it is likely that th is light exposure 
phase advanced their activity  rhythm s as dem onstrated by the significantly advanced 
activity acrophase.
The fact that there w as a (non significant) advance in  the M IO onset in  the last w eek o f  
the 17000 K  light condition in  the participants that received this light condition first is not 
easy to explain. A s m entioned previously (section 5.5.5.4) there m ay have been an im pact 
o f  the v isually  im paired participants in this data set as there w as w ith  the L5 data set. 
A nother possibility  is the effect o f  daylight savings w hich occurred betw een the th ird  and 
final w eek o f  the 17000 K  light condition for the three participants from  CH 2 and 
betw een W O w eek one and w eek tw o for the seven participants from  CH5. H ow ever, 
there w as no sudden change in  M IO onset for the group that received the 4000 K  light 
condition first nor evidence o f  a delay caused by the clock change in  the spring w hich 
w ould be anticipated i f  there w ere any late chronotypes in  the participant population  
(K anterm ann 2008).
D ow ling et al, (2005a) found no significant changes in  M IO onset in  a  random ized group 
o f  care hom e residents that received m orning bright light for ten  w eeks com pared to a  
control group. H ow ever, participants that had aberrant M IO onset tim es (defined as 
betw een 12:01 h  m idday and 05:59 h) did have im proved IS and R A  in response to  the 
bright m orning light com pared to BL. In the current study 12 out o f  29 (41% ) individuals 
in the com plete w eekly data set, had M IO onset data w ith  tw o or m ore w eeks w ith in  a 
light condition that fell into the aberrant category. A lthough the subject dem ographics in 
the current study are different i.e. the participants did not have A lzheim er’s, further 
analysis o f  the data set in this w ay m ay reveal sim ilar results. In com parison, only  3 
participants in the current study had aberrant L5 onset data. This w as discussed in  the 
previous section and suggests that the tim ing o f  the onset o f  the m ost restful period (L5) 
was not as disrupted as the tim ing o f  the onset o f  the m ost w akeful period (M IO) in  the
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rest-ac tiv ity  rhythm . In  older people th is has been qualified in  laboratory studies that 
have found earlier habitual w ake up tim es in  relation to the endogenous circadian phase 
(D uffy et al, 1998) and a reduction in  the hom eostatic drive for sleep and reduced sleep 
consolidation in  the later h a lf  o f  the sleep cycle (D ijk et al, 1999).
5.5.5.7 Amplitude (AMP)
N on-param etric am plitude is a  m easure o f  the difference betw een M IO and L5 for a  given 
24 h  period. C onsequently due to  the very  low  values o f  L5 (activity  counts) there w as 
little difference betw een am plitude and MIO.  This w as apparent in  the  w eekly  data for 
M IO and A M P w hich w ere identical (Figure 5.12 and Figure 5.14) and is em phasised in 
the study by D ow ling et al, (2008) w here A M P and M IO were the only tw o significant 
non-param etric differences betw een a  control group and a light plus m elatonin  group o f  
older people.
A M P w as also m easured by V an Som eren et a l (1997) after exposure to  m orning bright 
light in 22 institutionalised older individuals for four weeks. H ow ever, although 
im provem ents w ere reported for IS and IV, A M P w as not significantly  d ifferent 
com pared to BL m easurem ents. A  better and now  m ore com m only used  com parison o f  
am plitude w as m ade w hen the difference betw een L5 and M IO w as norm alised (V an 
Som eren et al, 1999). This is called the relative am plitude and is discussed in  the 
follow ing section.
5.5,5,8 Relative amplitude (RA)
R elative am plitude is the norm alised difference betw een M IO and L5 w ith  a score 
betw een 0 and 1 w ith  a  h igher score indicating a stronger rest-activity  rhythm . There w ere 
no significant differences betw een relative am plitude m easured in the light conditions nor 
betw een study w eeks in the current study. Relative am plitude (RA) w as h ighly  conserved 
betw een all light conditions except BL and rem ained at 0.66 ±  0.03. The condition m ean 
(± SD) values were slightly low er than the relative am plitude m easured across d ifferent 
w eeks in  the study (0.71 ±  0.01, n  = 12) and m ay reflect the different participants used  to 
calculate these values.
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Relative amplitude is a common parameter used to measure rest-activity rhythms and a 
number of other studies have reported it after giving a form of light intervention to older 
people (Van Someren et al, 1997; Van Someren et al, 1999; Skjerve et al, 2004; 
Dowling et al, 2005a; Dowling et al, 2008). None of these studies, however, have 
reported any significant increase in relative amplitude after care home residents were 
exposed to bright light. A comparison of absolute values for RA revealed that the values 
in the current study are comparable in range to those reported by Van Someren et al
(1999) for their data set (0.63 - 0.64) and the data set reported in this paper from the 
original study by Colenda et al (1997) (0.74 -  0.81), as well as the values reported by 
Skjerve et al (2004) (0.67 -  0.71). The range of RA measured in the Colenda study is a 
little higher than the current study and may reflect the fact that the participants were 
community based older people with Alzheimer’s that did not have the influence of care 
home routines on rest-activity rhythms. The range of RA measured in the studies by 
Dowling and colleagues (2005a; 2008) (0.52 -  0.68 and 0.55 -  0.68, respectively) were 
lower than the current study and may reflect the severity of the cognitive impairment in 
these participants and the fact that all the participants that were recruited were diagnosed 
with Alzheimer’s.
5.5.6 Limitations
There were a number of limitations in this study which will be covered in greater detail in 
the final discussion; the following is a summary of the main points. To begin with the 
number of individuals with complete data for each week was relatively low when 
compared to the number of individuals that had data compared in each light condition. 
This limited the sample size when comparisons were made of weekly data to compare 
light condition order. However, the problem of missing data was overcome by utilising a 
mixed model that also incorporated the actigraphically measured time in light >100 lux 
and the observational time in light data as covariates.
Secondly, unlike measurements of plasma melatonin levels or CBT, the measurement of 
rest and activity is not a true measurement of endogenous circadian rhythms. Although 
saliva samples were collected over night for some level 3 participants in order to measure 
the melatonin rhythm, the quantity obtained was too little to be extracted for analysis. The 
consequences of this are that there is no way to assess if the light conditions affected
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endogenous circadian phase. Coupled with this is the possibility that the rest-activity 
rhythms may be influenced by the low independent mobility of over 50% of the study 
participants and masked by the institutional routines.
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CHAPTER SIX 
DISCUSSION
6 Discussion
6.1 Introduction
Besides primary sleep disorders, such as restless leg syndrome and sleep disordered 
breathing, general sleep problems increase with advancing age. Although it can be argued 
that the majority of problems are related to psychiatric conditions and age-related health 
issues (Foley et al, 1995; Foley et al, 2001; Vitiello et al, 2002), it is not possible to tell 
whether sleep problems would occur if individuals remained relatively healthy. 
Laboratory based studies have shown that in older healthy adults, both subjective and 
objectively measured sleep parameters are different to adolescents (Buysse et al, 1991; 
Lauer et al, 1991; Monk et al, 1991; Bliwise et al, 1992) although changes beyond 60 
years of age only appear to affect sleep efficiency (Ohayon et al, 2004).
Polysomnography has shown that there is a weakened circadian signal in older adults that 
leads to a reduced arousal signal during the wake maintenance zone, coupled with 
increased subjective sleepiness (Cajochen et al, 2006). Investigation of the circadian 
system of older individuals has shown an altered phase angle between the melatonin 
acrophase and the onset of habitual waking, in addition to an earlier acrophase (Carrier et 
al, 1999; Duffy et al, 2002). It has been hypothesised that the altered phase angle is 
caused by a reduction in the strength of the circadian signal in the early morning hours.
There is abundant evidence that the circadian signal is weaker in older individuals and 
there may be multiple causes affecting various parts (section 1.5.3) of the circadian 
system. As light is the primary zeitgeber for the human circadian timing system it has 
been proposed that increasing light levels strengthen circadian processes in older 
individuals. Laboratory studies have shown that NIF responses to light (especially short 
wavelength light) are diminished in older people in comparison to younger people 
(Herljevic et al, 2005; Sletten et al, 2009), which suggests that greater light irradiances 
are required to achieve the same level of response.
The attenuated response to light with age may be caused by deterioration in optical health 
(Verriest, 1971; Jedziniak et al, 1973; Jedziniak et al, 1975; Smith and Pokomy, 1975; 
Haegerstrom-Portnoy, 1988; Curcio et al, 1993) (section 1.5.3.1). This may be 
accentuated by older individuals spending less time in bright light levels compared to 
younger people (Savides et al, 1986; Espiritu et al, 1994; Mishima et al, 2001). Older
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individuals living in care homes are reported to spend even less time in bright light 
(Shochat et al, 2000) which may be related to the reduced level of mobility, general 
health and cognitive ability of the residents plus the increasing demands on care home 
staff due to an expanding ageing population.
Although a number of studies have reported on the light levels in residential care homes 
(Ancoli-Israel et al, 1997; Shochat et al, 2000; Mishima et al, 2001) and/or measured 
actigraphically rest-activity rhythms and sleep parameters (Satlin et al, 1992; Van 
Someren et al, 1997; Ancoli-Israel et al, 2002; Skjerve et al, 2004; Sloane et al, 2007), 
very few studies have reported both light levels and rest-activity in the same study, nor 
collected data for more than a week. Additionally no study to date has reported the effect 
of a short wavelength blue-enriched light condition on the rest-activity rhythms of care 
home residents.
The aim of the current study was to evaluate the light environment in a group of care 
homes in SE England. To measure the existing light levels and to investigate the impact 
of supplementary lighting on the rest-activity rhythm and cognitive ability of the care 
home residents. Two experimental polychromatic light conditions were used (4000 K, 
-200 lux; 17000 K, -1000 lux; vertical) for comparison with the original care home light 
environment over a 12 week protocol during the autumn/winter or winter/spring months. 
Light levels in the rooms with the experimental lights were monitored continuously using 
Hobo data loggers and weekly lux meter readings. Actiwatches worn by the residents 
monitored rest-activity and individual light exposure. In addition the MMSE was 
administered at the end of each light condition to evaluate any changes in cognitive 
ability.
Current literature on light levels in care homes is sparse and to date, no minimum 
standards exist for light requirements in care homes. Chapter 3 described the 
measurement of light levels within the care home communal rooms during each light 
condition. It was hypothesised that the experimental 17000 K lights would significantly 
increase the light levels both during the daytime and at night when compared to the care 
home original lights and the 4000 K light condition. The residents that participated in this 
study were free to use the communal rooms as frequently as they wished and were asked 
to continue with their normal routines. Subsequently, as outlined in chapter 4 the 
minimum individual light exposure was measured in study participants using wrist worn
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actiwatches. As the communal rooms and dining rooms containing the light intervention 
were frequently used by participants recruited to the study it was hypothesised that 
individuals would spend the most time in, and be exposed to the brightest light levels, 
during the 17000 K light condition. Endogenous circadian rhythms weaken with 
advancing age and this is believed to be reflected in the deterioration of rest-activity 
rhythms and sleep. An increase in environmental light levels should thus provide a more 
robust zeitgeber for the circadian timing system. Thus, in chapter five it was hypothesised 
that the greatest difference in rest-activity rhythm parameters would be measured during 
the 17000 K light condition.
6.2 The light environment
With advancing age comes a natural deterioration in optical health, including decreased 
lens transmission (Coren and Girgus, 1972; Lerman et al, 1976), a reduction in pupil size 
(Verriest, 1971) and the formation of crystalline aggregates (Jedziniak et al, 
1975)(section 1.5.3.1). Older people may also suffer pathological changes such as 
cataracts, glaucoma and age-related macular degeneration. All of these factors reduce the 
amount of light perceived by older individuals. Reduced light perception may lead to poor 
postural stability, increased risk of falls (Lord and Dayhew, 2001; Brooke-Wavell et al, 
2002) and a dampened zeitgeber for circadian timing.
Previous studies have shown that older people residing in care homes are particularly 
susceptible to decreased natural light exposure (Ancoli-Israel et al, 1997; Shochat et al, 
2000). Implementation of improved artificial lighting design in care homes would appear 
the simplest way to increase light exposure. Therefore the aims of this study were to 
investigate the current care home light environment and how this compared with the light 
environment after experimental artificial lights were installed during the day and at night.
The findings from this study have shown that daytime lux levels recorded under the care 
homes original lighting (WO) were low (median 265 ± 246 lux, mean 355 ± 300 lux) with 
considerable variation (median range 18 -  804 lux). During the WO period natural light 
appeared to be the predominant light source, for rooms with windows, explaining the 
wide range in lux levels recorded. Factors including window orientation, season (natural 
photoperiod) and weather conditions all contributed to the variation in light levels in
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addition to the differences in artificial lighting in each care home. The findings showed 
there was a trend for increased light levels in rooms that were south, or south-east or 
south-west facing, compared to rooms with northerly orientations. Variations in light 
levels also depended on surrounding vegetation, proximity of other buildings and the 
level the communal room was on. The effect of natural photoperiod on light levels was 
evident in the differences observed between BL and WO conditions where lux levels 
were generally higher in the condition that fell within a longer natural photoperiod. 
During the night the light levels dropped considerably in the communal areas providing a 
very low mean (±SD) illuminance of 60 ± 52 lux compared to 355 ± 300 lux during the 
day (WO light condition).
In the UK there are currently no minimum standard requirements for lighting in 
communal care home rooms. The Department of Health’s minimum standards for care 
homes (Department of Health, 2000) has a single entry within the 91 page document 
about the light requirements in communal living areas, it states “20.6 - Lighting in 
communal rooms is domestic in character, sufficiently bright and positioned to facilitate 
reading and other activities”. There are no specific values or guidelines for the light levels 
required, however, a value of 150 lux is suggested as a minimum for care home bedrooms 
although again there are no specific details about the direction (horizontal or vertical) or 
time of day of the lux measurement. One previous study (Aarts and Westerlaken, 2005) 
compared the lux levels measured in sheltered housing for the elderly to a minimum of 
300 lux (horizontal, 0.75 m from the ground) outlined by the Illuminating Engineering 
Society of North America (lESNA, 2001). In this study only lux meter readings measured 
horizontally near windows during the daytime reached this minimum standard of 300 lux. 
At all other positions and especially at night, the lux levels were ten times lower. The 
light levels recorded in the current study are not able to be compared to the majority of 
the results reported in the Aarts and Westerlaken study (2005) due to the difference in lux 
meter recording direction and height from the floor. The lESNA (lESNA, 2001) standards 
are in general recommendations for horizontal lux measurements, vertical lux 
measurements from head height have been suggested for task lighting. The suggested 
minimum lux level for task lighting of 646 lux is far greater than the lux levels recorded 
in the current study from a similar position. The light levels recorded during the day and 
especially after sundown, were poor in the sampled care homes and would be deemed 
inadequate for certain visual tasks that require brighter light.
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Assessment of continuous Hobo data was able to provide an indication of when and for 
how long the experimental lights were switched on. The findings show that compliance 
with the required use of experimental lights was good, 94% for the 4000 K lights and 
85% for the 17000 K light. The effect of the 4000 K light condition had little impact upon 
the daytime lux levels where natural photoperiod differences could still be observed 
between the spring and other seasons. This was not the case during the 17000 K light 
condition where daytime lux levels were high obscuring any effect of seasonal 
photoperiod. The 17000 K lights thus provided a higher and consistent light level during 
the daytime that was unaffected by seasonal variation.
The effect of the 4000 K lights to nighttime lighting was significant (3-fold) overall 
increase in lux level. This lighting also provided a more evenly distributed light compared 
to the care home original lights. At night the 17000 K lights provided a consistently bright 
light intervention (mean ± SD, 895 ±129  lux) that was higher than the previously 
mentioned American lESNA (2001) standard of 646 lux and the adapted EU standard 
(2003) of 750 lux for office lighting. Thus in terms of illuminance the 17000 K lights 
provided a more adequate form of lighting for care home residents at night which was in 
direct contrast to the poor quality lighting that was originally in place. It is hoped that the 
evidence gathered from this study will assist authorities on lighting standards to provide 
more adequate advice for care home lighting levels in the UK.
Although the study limitations will be discussed in more detail in the final subsection, it is 
worth pointing out some important issues. The increased light levels within specific 
communal rooms were in contrast to the dimly lit corridors. The difference in light levels 
between these areas may have made it more difficult for the eyes of older individuals to 
adjust in a similar way to going inside after being outside on a bright sunny day. 
Additionally it is important to stress that the daytime lux levels for five of the communal 
rooms, the Hobo light monitors were affected by the positioning of the care home 
artificial lights. Consequently the care homes artificial lights skewed the observed lux 
data making it impossible to draw a complete comparison of daytime light conditions in 
five study rooms. Finally although the 17000 K lights might be well suited to the needs of 
older individuals, it was not possible to ascertain whether the lights were suitable for the 
younger staff members.
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6.3 Individual light exposure
In this study the experimental lights were installed into communal rooms and the 
residents were free to continue with their usual routines. Consequently increasing the 
light levels in communal rooms did not guarantee that individuals would be exposed to 
brighter light. Therefore individual light exposure was investigated when the participants 
were exposed to the care home original lights and during the experimental light 
conditions.
In previous studies that have investigated light exposure in older people (aged 40 - 82 
years) the most commonly reported form of light data was mean time in light levels 
>1000 lux (Shochat et al, 2000; Mishima et al, 2001; Kawinska et al, 2005; Staples et 
al, 2009). The time spent in light >1000 lux per day in these studies ranged from 34 - 87 
minutes, which is far greater than the mean of 6 minutes reported in the current study 
when the care homes original lights were on. To draw a further comparison, the light 
exposure recorded in only the older people living in care homes, that had light recordings 
from the wrist (Shochat et al, 2000), was reported to be 34 minutes (mean) in light >1000 
lux per day. This value is approximately 5- to 6-fold greater than the time per day 
residents in the current study received. The participants in the Shochat et al study (2000) 
were of a similar age (86 ± 7 years) to the participants in the current study (85 ± 8 years), 
although there were a greater number of participants with severe dementia (67% as rated 
on the dementia rating scale or the MMSE) compared to the current study (8%). There are 
two major differences between the current study and the Shochat et al study (2000) 
which may account for the difference in time spent in light, >100 lux per day, firstly the 
duration of AWL data collection was far shorter (three days) Shochat et al study (2000) 
compared to three weeks (during WO) in the current study. This short sampling period 
may have increased the probability of skewed data. Secondly the Shochat et al study
(2000) was conducted in San Diego situated at a much lower latitude, with a warmer and 
sunnier climate than that experienced in the UK, where the current study took place 
which may explain the differences between the studies.
Although Staples et al (2009) looked at light exposure in older people living in the 
community in the UK, as far as the author is aware, this is the first time that a study 
investigating light exposure in elderly care home residents (using wrist worn AWLs) has 
been conducted in Europe and is the most northerly latitude for such data collection to
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date. The much lower time spent in bright light (>1000 lux) compared to all other studies 
measuring this parameter, may be a result of climatic and seasonal conditions in the UK 
with data only being collected in the months with the shortest natural photoperiod. The 
effect of natural photoperiod was emphasised in the current study by the significant 
differences observed between participants’ light exposure within a period of just 8 weeks 
between the WO and BL light conditions. This difference was found in the time spent in 
light above every lux threshold value investigated.
An important additional distinction between the current study and other studies 
(Kawinska et al, 2005; Staples et al, 2009) measuring time spent in light >1000 lux is 
the place of residence (community dwelling compared to care home). This seems to have 
as much of an impact as natural photoperiod on the time that older people spend in bright 
light conditions. This difference is shown in the study by Staples et al (2009) which, like 
the current study, was conducted in the UK, but the participants were independent 
community living older individuals. Although this study was conducted at all times of the 
year, where a long natural photoperiod could partly explain the results, the fact that these 
individuals still had their independence is more likely why they were shown to spend an 
hour per day (10-fold more time than the care home residents) in light >1000 lux.
In the present study 42 (53%) out of the original 80 participants (section 2.6.6) recruited 
were wheel chair bound, thus over half of the study participants were dependent upon 
staff in terms of mobility, which may have been a limiting factor if they did wish to spend 
time outdoors. Care home residents have no need to leave the home to conduct routine 
chores such as shopping reducing bright light exposure. The study was also conducted 
primarily in the autumn/winter months when poor weather conditions made it unsuitable 
for participants to go outdoors. The finding in the current study that 40% of participants 
were taking antidepressants may indicate a high level of depression among the study 
population. Reduced time spent in bright light (due to limited time spent outdoors) could 
be due to an increase in withdrawn behaviour and a lack of social engagement as 
symptoms of depression (Achterberg et al, 2003). It could also be argued that the 
reduced time spent in bright light was not a symptom but a contributing factor to the 
depression prevalent within the care home population. As the details of prescribed 
medications were available to the researchers and not full medical records, no distinction 
can be made of the form of depression and the current diagnosis. Other factors should 
also be considered such as adjustment to coping with feelings of loss and displacement
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especially for newly admitted residents that have come from their own homes (Patterson 
1995; Achterberg et al, 2006).
The effect of natural light exposure was highlighted in the care home communal rooms in 
the current study where natural light provided a 6-fold increase in light levels compared 
to the lux level recorded at night under artificial lighting. The very low light levels 
measured across the care home communal rooms at night were improved by the 
installation of the 17000 K lights. The findings showed that participants spent a mean (± 
SD) of 23 ± 34 minutes in light > 1000 lux per day which was an overall increase of 17 
minutes per day in bright light. Although this improvement is 11 minutes lower than the 
Shochat et al study (2000), as was discussed previously, the length of the sampling 
period in the current study was much longer.
The 4000 K lights were set at -200 lux in each room (in the direction of gaze) and the 
time that participants spent in bright light levels during this intervention was not expected 
to increase compared to the WO condition. The lights did, however, provide a more 
evenly distributed illuminance across the communal study rooms compared to the care 
home original lights which may have been more beneficial for older individuals with 
poorer vision.
In all but one study (Mishima et al, 2001) light data have been collected from wrist worn 
devices and not at the level of the eye (Campbell et al, 1988; Espiritu et al, 1994; 
Ancoli-Israel et al, 1997; Jean-Louis et al, 2000; Shochat et al, 2000; Kawinska et al, 
2005; Staples et al, 2009; Scheuermaier et al, 2010). The problem with measuring light 
from the wrist is that the AWL may be covered by clothing and the light levels recorded 
may not correlate well with light measurements at eye level. Consequently the light levels 
and time in light reported in this study are an estimate of the minimum light level and 
time that residents were exposed to. Although recent developments in head worn lux 
meters may provide a feasible alternative in most field studies (Bierman et al, 2005), the 
suitability of these devices for older people will need to be assessed.
6.4 Rest-activity rhythm analysis
In the current study the light levels in the communal rooms of the care homes were 
increased which consequently increased participants’ light exposure. The 17000 K light
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condition significantly impacted upon some, but not all, of the measured rest-activity 
rhythm parameters. The statistically significant changes during the 17000 K light 
condition compared to the 4000 K light condition included (1) advanced activity 
acrophase, (2) increased mean activity level of the most active ten hours of the day (MIO) 
and (3) increased mean activity level during the least active five hours of the day (L5). 
These significant findings were only observed when a mixed model was used that could 
account for missing data.
As discussed previously (section 5.5.3.2) a significant advance in the peak time of activity 
(acrophase) has been report in two studies using morning bright light (Skjerve et al, 
2004; Sloane et al, 2007) but not in studies using an all day light intervention. In another 
study (Shochat et al, 2000) a significant delay in activity acrophase was found in 
participants that spent more time in bright light (>1000 or >2000 lux) in the daytime, 
which is in contrast to the finding in the current study. However, the fact that the 
participants in the Shochat et al study (2000) were not exposed to an artificial light 
intervention and natural photoperiod was likely to be longer than in the current study 
(Table 1.1) (due to the latitude), may explain the study differences.
In the current study, although the lights were on all day, most participants were exposed 
to light in the morning and afternoon and not in the late evening (section 4.4.4.1). This 
pattern of light exposure would explain an advanced acrophase in relation to the light 
with respect to the light PRC (Khalsa et al, 2003). In contrast to the observed advanced 
acrophase, the onset of the least active five hours (L5) and the most active ten hours 
(MIO) were not significantly different between any of the light conditions. Lack of 
concordance between these three parameters may be due to the fundamental differences 
in the parametric and non-parametric models used to analyse the data (Van Someren et 
al, 1999). In addition to the advance in the peak of activity the participants were also 
significantly more active in the 10 most active hours of the day during the 17000 K light 
condition compared to the 4000 K light condition. There was also a trend of increased 
MIO activity in the fourth week of both light conditions compared to all other weeks. This 
not only indicated that increased light exposure had a gradual effect on activity levels in 
care home residents, but also indicated that -200 lux was sufficient to increase activity 
over time. This was, however, the only rest-activity parameter to increase significantly 
during the weeks of the 4000 K and 17000 K light conditions and so interpretation should 
be cautious. It is possible that given more time in the 4000 K and 17000 K light
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condition, changes in other rest-activity parameters may have become evident but this 
requires further investigation.
The significant increase in L5 activity during the 17000 K light condition may be a 
potential problem as it could indicate that the participants were more restless and active 
during the night. These results could be explained by an acute alerting response to the 
light that is maintained after the participants have gone to bed, or alternatively a possible 
increase in activity in the early morning as a consequence of an advanced shift in 
circadian timing in relation to the institutional get up times. The increased L5 activity 
may well be a combination of these factors. Any future work should consider the timing 
and spectral composition of light with regard to a participants’ habitual bed time and 
more closely investigate sleep parameters. Unfortunately in the current study, actigraphic 
sleep parameters were not calculated due to the lack of information of bed and wake 
times. In addition these results highlight the potential conflict that might occur if this 
form of lighting is introduced permanently into a care home environment and bed and 
wake up times are not the individuals’ choice.
In a study by Van Someren et al (1996) a low interdaily stability (IS) was associated with 
low indoor light levels and a shorter day length in a group of 34 Alzheimer’s patients. 
Light levels were on average indoor light intensity (median of 240 lux, mean of 521 lux), 
with readings taken from the usual seated position of the study participants. These reading 
were used in combination with logs of how frequently the participants went outdoors. In 
the current study time spent in light was not a significant predictor of rest-activity 
outcome variables as determined in the mixed model analysis. The method of collecting 
light data (section 2.2.2.1) in the current study, however, was more individualised and 
continuous compared to Van Someren et al (1996). Although no differences were 
reported in the mixed model analysis, closer inspection of the 25% of participants that 
spent the most time in light (>100 lux during the 17000 K condition) revealed 
significantly more advanced L5 and MIO onset compared to the 25% of participants that 
spent the least time in light. Interpretation of this result is limited as it may reflect a group 
difference and further analysis is required for comparison with the other light conditions. 
This does suggest that individuals that spent the most time in light were active and restful 
at earlier times of the day compared to participants that spent very little time in light.
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Although this study was successful in increasing the light levels of the environment in the 
communal rooms of the care homes and consequently increased the time that participants 
spent in bright light conditions, there were only a few significant effects of the increased 
light exposure upon the circadian rhythm of rest-activity. There are many possible 
reasons for this finding, however one of the main reasons has to be related to the 
heterogeneity of the sampled group, where differences in mobility, medication, visual 
acuity and congnitive ability may indirectly affect actigraphically measured rest-activity 
parameters.
Out of the 52 participants with analysed AWL data, 63.5% were wheelchair bound. Due 
to a higher amount of dependency on the carers, the measured rest-activity profiles were 
most likely affected by the care home routines as well as the activity level of the 
wheelchair bound participants being very low (section 5.4.2). An additional difference 
was observed in the 15% of the care home residents that were able to walk with a frame 
where peaks were observed in the 24 h activity profiles in the morning and evening time. 
It was postulated that these peaks coincided with the increased activity required for these 
semi-independent individuals to get out of bed and dress themselves in the morning. Both 
of these sub-populations with limited mobility had 24 h activity profiles that were in 
contrast to the participants with free mobility which generally had higher hourly activity 
levels throughout the day, with no pronounced peaks at any hour. These differences in the 
activity profiles illustrate the potential problems with measuring rest-activity rhythms 
using models that may not fit all of the data appropriately in this population of older 
individuals.
Van Someren et al. (1999) pointed out that the rest-activity rhythm was highly non- 
sinusoidal and fitting these data to a sinusoidal wave, for example with cosinor analysis, 
resulted in poor fits of the data. Evidence from the current study supports this argument as 
eight participants’ data (15.4%) did not significantly fit the sinusoidal (cosine) wave form 
and were excluded from statistical data analysis. The use of NPCRA in the current study 
enabled a greater number of participants to be included for statistical analysis, however, 
there are also alternative forms of analysis. For example Marier et al. (2006) suggested a 
sigmoidally transformed cosinor curve, a model that is specifically designed for circadian 
rhythms using a five parameter extension of the 24 h cosinor function that are 
symmetrical but not sinusoidal in shape. Although previous studies have used sigmoidally 
transformed cosinor curves (Martin et al, 2000; Ancoli-Israel et al, 2002) to assess rest-
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activity in care home residents with dementia and Alzheimer’s disease, it remains to be 
seen if these models are more suitable for measuring rest-activity rhythms when the effect 
of mobility level upon rest-activity rhythms is considered. Any future studies recruiting 
elderly care home residents should consider mobility level when measuring rest-activity 
rhythm data.
Another factor contributing to the heterogeneity of the study population was the 
medication use. Approximately 15% of the participants with analysed activity data were 
taking hypnotic drugs which may affect rest-activity rhythms. Additionally, 40% of the 
participants were taking antidepressants which could also have affected rest-activity 
rhythm and sleep depending upon the type of antidepressant drug taken (Mayers and 
Baldwin, 2005).
Van Someren et al (1997) have shown that visual deficit was a significant predictor of 
the level of response to light when measuring non-parametric rest-activity rhythm 
parameters. In the current study the participants were not subjected to ophthalmological 
examinations, thus it was not possible to assess how great the impact was. However, the 
most visually impaired participants with no conscious light perception (n = 2) were 
excluded from the data analysis as it was assumed light would be incapable of being 
effective in these subjects. Data on visual health in the remaining participants was 
obtained from medical records. In total 10% of the participants with analysed AWL data 
had some form of visual impairment. The exclusion of these participants may unmask 
some effects of light upon rest-activity rhythm parameters in the remaining participants 
with relatively good vision.
In the present study it was anticipated that only non-demented elderly participants would 
be recruited by virtue of the fact that care homes with EMI (elderly and mentally infirm) 
units were not included in the study design. The reality of the care home situation was far 
different. Very few study participants (12%) had a severe cognitive deficit (as rated on 
the MMSE, score 0 - 10), most were in the mild (29%, score 21 - 26) and moderate 
categories (39%, score 11 - 20) but there was still a range of cognitive abilities in the 
study demographic. Very few studies to date have looked at the severity or type of 
dementia in relation to the effects of bright light on rest-activity rhythms (Van Someren et 
al, 1997; Sloane et al, 2007). It is possible that there is a differential response to light 
depending upon the form of dementia, as shown in Alzheimer’s disease patients by Van
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Someren et al (1997). However Sloane et al (2007) did not report a difference in rest- 
activity rhythm parameters in response to bright light when comparing severe to very 
severe dementia participants with mild to moderate dementia participants. Cognitive 
ability may have been a confounding factor in the results of the present study and will be 
discussed in more detail in a later section (section 6.5).
The rationale of using a four week light intervention was based upon the time frame of 
conducting the study within the months of the year with the shortest natural photoperiod 
(September -  April). Additionally previous studies had reported significant effects on 
subjective mood and alertness scales in office workers using the same 17000 K 
polychromatic white lights after a four week intervention compared to a 4000 K light 
condition (Viola et al, 2008). Similarly the Van Someren et al (1997) study showed 
significant improvements of actigraphically measured rest-activity parameters using 4 
weeks of an experimental light (Table 1.3) in care home residents. In the current study it 
is possible that the duration of the light intervention was not long enough to illicit a large 
number of responses and that some effects on the circadian system may require more 
time. It is also possible that there was a carryover effect of the 17000 K light condition 
into the WO condition. For the participants that received the 17000 K light condition first, 
increased mesor and amplitude was observed during the final week of the 17000 K light 
condition and the first 2 weeks of WO. The mesor and amplitude then remained lower for 
the last week of WO and the four weeks of the 4000 K light condition. However, the 
sample size was very low and the difference between weeks did not reach statistical 
significance (Figure 5.7). It is possible that the positive effects of light on entrainment in 
older individuals may take longer to appear than in younger individuals (Van Someren 
and Riemersma-Van Der Lek, 2007). This was previously pointed out by Riemersma-van 
der Lek et al (2008) in which positive effects of light were measured in a number of 
parameters after 3.5 years and the gradual increase in some effects was hypothesised to be 
related to slow synchronization of hormones, metabolism and peripheral oscillators.
Previous studies have shown a significant difference between mean activity levels in non 
demented institutionalised care home residents and age-matched community dwelling 
older individuals (Martin et al, 2008; Meadows et al, 2010). Meadows et al (2010) 
reported significantly higher intradaily variability (IV) (increased fragmentation of the 
rest activity rhythm) and decreased mean activity values for the institutional care 
residents compared to the community dwelling older individuals. In the current study,
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AWL activity data in some individuals contained prolonged periods of no or very low 
activity and in some cases night and day time activity were indistinguishable. This was 
attributed to a small number of individuals that had very limited arm mobility which 
made it difficult to distinguish days in which the AWL was not worn. Due to the 
influence of care home routines, individual mobility and loss of equipment etc., which are 
important and yet difficult factors to control, alternative methods for measuring rest- 
activity rhythms in care home residents should be considered. It is also worth questioning 
the sensitivity and suitability of measuring rest-activity rhythms using actiwatches, and 
the validity of measuring rest-activity rhythms in this particular population.
No other studies to date have attempted to collect continuous actigraphy data for up to 12 
weeks in the care home population and it is difficult to draw comparisons with previous 
studies. Studies of this nature will inevitably have a high attrition rate but this was 
accentuated in the current study where 29% of study participants did not tolerate wearing 
the AWL for the full 12 weeks (Table 5.4 and Table 5.5). One possible solution could be 
the use of bed sensors to detect movement at night that would relieve the burden of 
wearing the AWL for 24 h (Nishyama et al, 2011) and would reduce the loss of data if 
the AWL was taken off at night. Alternatives to measuring rest-activity rhythms in 
laboratory-based studies include, measuring plasma melatonin rhythms (Duffy et al, 
2002), or core body temperature rhythms using rectal probes (Campbell et al, 1993; 
Murphy and Campbell, 1996). Collection of plasma or core body temperature is not 
suitable for care home residents or practical in the care home environment and many 
issues would have to be resolved. One possible alternative could be the use of 
temperature sensitive ingestible capsules that can measure CBT rhythms and transmit a 
radio signal to a data logger (Darwent et al, 2011). This is a relatively new technology 
that has been reported to have comparable results to rectal probes and may be more 
suitable for care home residents given that they would not be required to wear anything or 
remember to do anything. However, the expense of such devices and single use of the 
capsules may make it a costly option compared to actigraphy.
A large number of parameters were measured in the current study that have not been 
reported in this dissertation due to time constraints (section 2.2). It is possible that the 
light intervention was more effective upon these parameters. For example, improved 
scores on subjective mood, alertness and performance scales in younger individuals have
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been reported in two previous studies that used the same 17000 K polychromatic white 
lights as the present study (Mills et al, 2007; Viola et al, 2008).
6.5 Cognitive ability
In most studies to date significant changes in measured parameters, such as subjective 
behavioural scales, rest-activity rhythms, actigraphically measured sleep parameters and 
endogenous circadian rhythms of CBT and melatonin, in response to light intervention, 
have been conducted on care home residents with Alzheimer’s disease, vascular dementia 
or other forms of dementia (Mishima et al, 1994; Colenda et al, 1997; Van Someren et 
al, 1997; Lyketsos et al, 1999; Ancoli-Israel et al, 2003a; Dowling et al, 2005a; 
Dowling et al, 2005b; Riemersma-van der Lek et al, 2008; Van Hoof et al, 2008; Van 
Hoof et al, 2009). In other studies the participants were rated as having a severe to very 
severe cognitive deficit as rated on the MMSE (Satlin et al, 1992; Lovell et al, 1995) 
with no further details on the form of dementia. Although some previous studies have 
found improvements in measured parameters after light intervention in non-demented 
elderly people living in the community (Campbell et al, 1993; Murphy and Campbell, 
1996), very few studies have investigated care home residents with mild or no measurable 
cognitive deficit (Mishima et al, 1994; Yamadera et al, 2000; Mishima et al, 2001; 
Sloane et al, 2007). Additionally out of these studies only Sloane et al (2007) has 
reported rest-activity rhythm data for mild to moderately demented care home residents, 
where no significant differences were observed after light intervention. Coupled with the 
fact that severe and very severe participants in the Sloane et al study (2007) showed the 
greatest improvements in actigraphically measured sleep parameters, it suggests that the 
greatest response to light may come from residents with severe dementia as opposed to 
mild dementia or no dementia at all. However this does not support the findings in the 
present study where significant changes in some rest-activity parameters were measured 
in the participants (mean MMSE score 20 ± 7, mild to moderate cognitive impairment). It 
must be stressed, however, that comparison of rest-activity data with cognitive ability 
scores was not an outcome measure of this study. The MMSE was administered during 
each light condition and medical records were obtained, but no thorough psychological 
assessment was made for the presence of different forms of dementia. The care homes 
recruited in the study were not elderly and mentally infirm (EMI) units, so the study
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participants were not suffering from any form of diagnosed dementia. In reality, however, 
there were some residents that had undiagnosed dementia (73% with an MMSE score of 
23 or lower) according to the range of MMSE scores (6 - 29) at baseline in the originally 
recruited participants (Table 2.4), although the majority of participants had scores which 
were much higher (mean MMSE 19 ± 6).
The MMSE was primarily used to measure possible changes in cognitive ability in 
response to the light intervention. The lack of any significant overall differences in 
response to the bright 17000 K light condition is in direct contrast to the Yamadera et al 
study (2000) in which increased MMSE scores were observed after four weeks of light 
intervention. In this study participants with mild and questionable dementia (mean 
MMSE 13.6 ± 3.6) had the greatest improvement in MMSE scores with a significant 
increase of 1.8 points. This was in contrast to the moderately and severe dementia 
participant group that had no significant improvement in MMSE score.
In the current study there was a significant increase in MMSE score in the participants 
that received the 4000 K light condition first (n = 30). These participants had significantly 
higher MMSE scores during the 17000 K light condition compared to baseline and the 
4000 K light condition. There were, however, no significant differences in MMSE scores 
for the participants that received the 17000 K light condition first (n = 19). There are a 
number of possible explanations for these results. Firstly that there was an effect of the 
17000 K lights but that the lower sample number in the group that received the 17000 K 
light condition first affected the results. Secondly that there was a possible practice effect 
where MMSE scores gradually increased from the start to the end of the study. Thirdly 
that the participants that received the 4000 K light condition first had a higher (not 
significant) mean baseline MMSE score compared to the participants that received the 
17000 K light condition first, this group difference in the initial level of cognitive ability 
may have resulted in a differential effect of the light intervention.
Although an improvement of 3.72 or more points on the MMSE scale is suggested for 
clinical significance (Burback et al, 1999), no previous studies have reported such an 
effect from either light or a pharmacological intervention. This fact was pointed out by 
Riemersma-van der Lek et al (2008) and served to emphasize the result that light 
affected the MMSE score with a comparable magnitude to acetylcholinesterase inhibitors 
(0.87 points after 3.5 years). Although the duration of the current study was much shorter
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than the Riemersma-van der Lek et al. study (2008), there was a trend for an increased 
MMSE score, one point higher than baseline, (p = 0.053) during the 17000 K light 
condition.
6.6 Study limitations
As this was a field study there were a number of different factors that could not be 
controlled that could have effects on the outcome measures. Artificial lighting levels were 
controlled but natural light exposure could not be controlled. The impact of natural light 
was minimised by conducting the study in months of the year with the shortest natural 
photoperiod. Additionally, by taking detailed measurements of the natural light levels in 
the communal study rooms, estimates could inform the researchers of the minimum light 
levels the participants were exposed to. The withdrawal of CH3 resulted in fewer 
participants receiving the 17000 K light condition during the short natural photoperiod 
than during the long natural photoperiod.
The nature of the study did not dictate the amount of time that care home residents spent 
in the communal rooms with the experimental lights. There was no control of who went 
where and when although weekly observations helped to estimate the time that the 
participants spent in the communal rooms due to habitual routines. In CH4, CH5, CH6, 
CH7 and CH8 lights were also installed in the communal dining rooms and observations 
were not recorded during meal times. Consequently the time that participants from these 
care homes spent in the experimental lights was underestimated if observational data only 
were considered.
The duration of each experimental light intervention was limited to four weeks because 
the study needed to be restricted to the winter months so that variations in the natural 
photoperiod were minimised. Although four week light intervention was hypothesised to 
be sufficient time to increase individual light exposure and potentially affect participants’ 
rest-activity rhythms, a longer duration of the light condition may have had more of an 
impact.
Due to the study design, the relative contribution of light intensity or short wavelength 
blue light enrichment on the significant findings cannot be answered as the 17000 K light 
condition differed in both intensity and spectral composition compared to the 4000 K
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condition. For a true comparison of light wavelength, monochromatic light sources 
should be used and compared, which would be impraetical in a care home environment.
Although the WO condition was compared to the 17000 K and the 4000 K light condition 
data using statistical tests, WO was not included in the mixed model and so the significant 
findings only reflect the differences between the effectiveness of the two experimental 
lights.
Although all study participants were over 60 years old there was a range in levels of 
dependency, mobility, cognitive ability, health and use of preseribed medication. All of 
these factors may influence the participants in different ways and could possibly mask 
any effects of the light intervention on rest-activity rhythms.
There was an imbalance of genders in the current study, with 14% of all participants 
recruited (n = 80) being male and just 9.6% of participants with analysed activity data 
being male. Although this may reflect the population demographic in the UK, it limits to 
an extent the eonelusions that can be drawn from the results as there may be gender 
differences.
Although actigraphically measured rest-activity data was analysed in this study, there was 
no analysis of sleep parameters from the actigraphy data. This was because there was no 
record of the participants’ bed and wake up times. Although sleep diaries were considered 
for some participants in this study, the majority of participants were not capable of 
reliably completing them for 12 weeks. Future studies could consider using event markers 
on the actiwatch, however, this may prove to be just as unreliable unless the participants 
are supervised.
6.7 Implications of study findings
The findings of the current study indicate an effect of the 17000 K lights upon the rest- 
activity rhythms of elderly care home residents that was greater than the 4000 K light 
condition. The findings indicate that participants were more active during the day and this 
occurred at an earlier part of the day, especially in the partieipants that had the greatest 
exposure to the 17000 K lights. Both the 4000 K lights and the 17000 K lights were
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effective in increasing the activity levels for the most active ten hours of the day in the 
final week of the respective light conditions compared to all other weeks.
Although the 17000 K light condition was better than the 4000 K light condition in terms 
of increasing activity and shifting the rest-activity rhythms it is not clear if this difference 
between the 17000 K lights and the 4000 K lights is due to the irradiance level or the 
higher proportion of short wavelength light. Future research could compare bright blue- 
enriehed lights with a bright control light of matched photon density to determine the 
specific impact of the short wavelength enriched lights.
As the effect of the 17000 K lights was observed in some, but not all, rest-activity rhythm 
parameters more studies are required to confirm these findings. Future studies should 
increase the duration of the light exposure period to several months, to see if measureable 
changes are recorded in other rest-activity rhythm parameters. As there were very few 
findings in the weekly data comparisons in the current study, data collection could be 
carried out in blocks of 2 weeks, which would make studies less demanding for the 
participants and researchers.
The increased activity recorded during the least five hours of the day during the 17000 K 
light condition suggests an effect upon sleep and warrants further investigation. Future 
research could attempt to measure the effect of a 17000 K lights on actigraphically 
measured sleep parameters, although accurate bed and wake up times would be required 
and are difficult to obtain in this study population.
A number of parameters measured in this study have yet to be assessed and future work 
will be required to assess the impact of the light conditions upon subjective alertness, 
vigilance, anxiety, depression and mood.
6.8 Conclusions
There are number of unique features and strengths in this study that should be 
highlighted. Firstly, this study primarily investigated the effeet of light on mild and non­
demented elderly care home residents. Seeondly, a thorough examination of individual 
light exposure was reported in tandem with rest-activity rhythm parameters. Thirdly, for 
the first time, the effect of a blue-enriched polychromatic light was investigated on the
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rest-activity rhythms of care home residents. Additional strengths of this study included 
the overhead light intervention that required no disruption of the resident’s habitual 
routines and investigation of the original light environment before and during the course 
of the study. Assessment of current lighting levels in care homes may be useful in 
informing regulatory authorities of the existing light environment and how it might be 
improved to cater for the requirements of older individuals.
This study has shown that during the seasons of the year with the shortest natural 
photoperiod light levels can be significantly improved in communal care home rooms, not 
just at night but also during the day. This in turn led to a significant increase in the light 
exposure of the care home residents during the four weeks of the 17000 K light condition 
and significant changes in some of the rest-activity rhythm parameters measured. 
Additionally there was a trend of increased MMSE score during the 17000 K light 
condition that would indicate an improved cognitive ability score, although the reliability 
of this remains uncertain due to the possibility of a practice effect (section 5.5.1.1).
Although the effects of the 17000 K lights served to increase activity during the daytime 
and significantly advanced the peak time of activity compared to the 4000 K lights, there 
was the undesired effect of increased activity at night. These results, however, need to be 
addressed with balance, as the majority of the study population were wheelchair bound or 
had limited mobility and a large percentage were taking medieation. These factors are 
likely to have some influence on the outcome variables, but to what extent remains 
unclear. Nevertheless, even with the influence of these confounding factors this study 
demonstrated a significant measureable impact of the blue-enriched high colour 
temperature lights on the rest-aetivity rhythms in elderly care home residents. Further 
research is required to determine if the induced rest-activity rhythm changes in response 
to the blue-enriched lights have a positive effect on sleep.
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Appendix G
Geriatric Depression Scale: Short Form
Participant’s code:................................. Care Home:.............................
Date:.........................  Day of week:.................................
Location:...........................
Time of rating: .........................
Choose the best answer for how you have felt over 
the past week:
1. Are you basically satisfied with your life? YES / 
NO
2. Have you dropped many of your activities and 
interests? YES / NO
3. Do you feel that your life is empty? YES / NO
4. Do you often get bored? YES / NO
5. Are you in good spirits most of the time? YES /  
NO
6. Are you afraid that something bad is going to 
happen to you? YES / NO
7. Do you feel happy most of the time? YES / NO
8. Do you often feel helpless? YES / NO
9. Do you prefer to stay at home, rather than going 
out and doing new things? YES / NO
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10. Do you feel you have more problems with 
memory than most? YES / NO
11. Do you think it is wonderful to be alive now?
YES / NO
12. Do you feel pretty worthless the way you are 
now? YES / NO
13. Do you feel full of energy? YES / NO
14. Do you feel that your situation is hopeless? YES  
/N O
15. Do you think that most people are better off than 
you are? YES / NO
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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Appendix H
Light acceptability questions (Residents)
Participant's code:..................................
Care Home:..............................
Date:..........................
Day of week:..................................
Location:..............................
Time of rating: ..........................
1. What is your opinion of the current lighting in the 
communal areas of the residential home?
Very Neutral Very
unpleasant Pleasant
O 0  0  0  0  0  0
Remarks:.................................................................................
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2. Did you observe any difference in lighting 
conditions in the communal areas in the last 4 
weeks as compared to the previous period?
O yes O no
3. if yes, do you think the present situation is better 
or worse as compared to the previous one,
Much
worse Worse
The
same Better
Much
better
Not
applicable
Overall? 0 0 0 0 0 0
For reading? 0 0 0 0 0 0
For puzzles/ 
gaming? 0 0 0 0 0 0
For eating? 0 0 0 0 0 0
For social 
interactions? 0 0 0 0 0 0
For TV/radio 0 0 0 0 0 0
4. Headache and eye strain scale
Please rate to what extent you are currently experiencing 
the following symptoms
Symptom Absent Slight Moderate Severe
Irritability 0 0 0 O
Headache 0 0 0 0
Eye strain 0 0 0 0
General 
eye discomfort 0 0 0 0
Eye fatigue 0 0 o o
Difficulty
focussing 0 o 0 o
Difficulty
concentrating 0 o 0 0
Blurred vision 0 0 0 0
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Appendix I
Date
Day
Sleep and Nap Diary
Participant's code
What time did you go to bed? (e.g. 10:15)
What time did you try to start to sleep? (e.g. 
10.25)
Did you wake up during the night? Yes No
Time (e.g. 3 am) How long (e.g. 20 
minutes)If yes, then what time 
did you wake up 
during the night and 
for how long were you 
awake?
What time did you wake up this 
morning? (e.g. 7:05am)
What time did you get up? (e.g. 7.30)
How would you rate your quality of sleep? Circle the appropriate number
1 2 3 4 5 6 7 8 9  
1 = worst sleep ever 9= best sleep ever
Please complete one column of this table if you have a daytime nap
Nap 1 Nap 2 Nap 3
What time did the nap start? 
(e.g. 2:15)
What time did the nap end? 
(e.g. 2:45)
How long was the nap? (e.g. 
30 mins)
363
Appendix J
Hospital Anxiety and Depression scale (HAPS)
Care Home:............................... Time:........................
Participant code:.......................  Date:........................
Location:...........................
This questionnaire is designed to help your clinician to 
know how you feel. Read each item below and underline 
the reply which comes closest to how you have been 
feeling in the past week.
Don’t take too long over your replies; your immediate 
reaction to each item will probably be more accurate than 
a long, thought-out response.
(1) I feel tense or ‘wound up’
Most of the time
A lot of the time
From time to time, occasionally
Not at all
(2) I still enjoy the things I used to
enjoy
Definitely as much 
Not quite so much 
Only a little 
Hardly at all
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(3) I get a sort of frightened feeling as 
If something awful Is about to 
happen
Very definitely and quite badly 
Yes, but not too badly 
A little, but it doesn’t worry me 
Not at all
(4) I can laugh and see the funny side 
of things
As much as I always could 
Not quite so much now 
Definitely not so much now 
Not at all
(5) Worrying thoughts go through my 
mind
A great deal of the time 
A lot of the time 
Not too often 
Very little
(6) I feel cheerful
Never 
Not often 
Sometimes 
Most of the time
365
(7) I can sit at ease and feel relaxed
Definitely 
Usually 
Not often 
Not at all
(8) I feel as If I am slowed down
Nearly all the time 
Very often 
Sometimes 
Not at all
(9) I get a sort of frightened feeling like 
“butterflies” In the stomach
Not at all 
Occasionally 
Quite often 
Very often
(10) I have lost Interest In my 
appearance
Definitely
I don’t take as much care as I should 
I may not take quite as much care 
I take just as much care as ever
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(11) I feel restless as If I have to be on 
the move
Very much indeed 
Quite a lot 
Not very much 
Not at all
(12) I look forward with enjoyment to
things
As much as I ever did 
Rather less than I used to 
Definitely less than I used to 
Hardly at all
(13) I get a sudden feeling of panic
Very often indeed 
Quite often 
Not very often 
Not at all
(14) I can enjoy a good book or radio or
television program
Often
Sometimes 
Not often 
Very seldom
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Appendix K
Pittsburgh Sleep Quality Index
Participant’s code:...............................
Care Home:...........................
Date:........................
Day of week:......................... .
Location:....................................
Time of rating: ........................
• These questions ask about your sleep in the past 
month
• Give the most accurate reply for the majority of days 
and nights in the past month
• For question 5 to 9 please tick the appropriate box
During the past month:
1. What time did you usually go to bed? (e.g. 11:15 pm)
Your choice/care home choice
2. How long (in minutes) has it taken you to fall asleep 
each night?(e.g. 20 minutes)
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3. What time did you usually get up in the morning?
(e.g. 7:05 am)
Your choice/ care home choice
4. How many hours of actual sleep did you get at night? 
(This may be different than the number of hours you 
spend in bed)
5. During the past month, how 
often had you had trouble 
sleeping because you.....
Not 
during 
the past 
month
Less than 
once a 
week
Once or 
twice a 
week
Three or 
more 
times a 
week
a.
Cannot get to sleep within 
30 minutes
b.
Wake up in the middle of 
the night or early morning
c.
Have to get up to use the 
bathroom
d. Cannot breathe comfortably
e. Cough or snore loudly
f. Feel too cold
g- Feel too hot
h. Have bad dreams
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Not 
during 
the past 
month
Less than 
once a 
week
Once or 
twice a 
week
Three or 
more 
times a 
week
i. Have pain
j- Other reason(s)
Very
good
Fairly good Fairly
bad
Very bad
6. During the past month, how 
would you rate your overall 
sleep quality?
Not Less than Once or Three or
during once a twice a more
the past week week times a
month week
7. During the past month, how 
often have you taken medicine 
(prescribed or ‘over the 
counter’) to help you sleep?
8. During the past month, how 
often have you had trouble 
staying awake while driving, 
eating meals, or engaging in 
social activity?
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9. During the past month, how much of a problem has it been for you 
to show enthusiasm to get things done?
No problem at a ll_________________________
Only a very slight problem.
Somewhat of a problem__
A very big problem______
10. During the past month how would you rate your sleep quality 
overall
Very good Fairly good Fairly bad Very bad 
0 0 0 O
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Appendix L
Instructions for Collection of Saliva Samples -  SomnlA Care Home Project
Samples will be collected by researchers at the end of each treatment period, 4 
occasions in total (1) baseline; (2) 4^  ^week of 4K light; (3) 4^  ^week of 17K light and (4) 
3’^'* week of washout.
Instructions:
Saliva samples should be collected every 60 minutes from 18:00h to bedtime and from 
wakeup to 10:00am. If possible a sample should also be collected if the resident wakes 
during the night and is willing to do so.
Check and record detailed information about the location and light levels where the 
participant is and what food/drink is consumed and any other occurrence of note. Set 
out below are guidelines:
1. if possible be in a dim light environment, if not note where they are when 
samples are collected and if possible take a lux level.
2. residents should limit consumption of caffeine containing drinks (e.g. coffee, tea. 
Red Bull, Coca Cola) but if this is not possible note time they are drunk.
3. discourage consuming any foods but if this is not possible make a note of what 
was eaten and when.
4. NB: teeth should not be cleaned until after the last sample before bed has been 
collected.
5. do not stimulate saliva production by chewing gum or lemons
6. every 60 minutes collect a saliva sample in the appropriately labelled Salivette.
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to do this remove the cap, hand the Salivette to the participant wearing 
disposable gloves and ask them to put the cotton plug in their mouth. If this is 
not possible place the plug in their mouth wearing disposable gloves. Ensure that 
the plug is chewed for 1-2 mins.
researcher should then replace the cotton plug back in the Salivette and the cap 
replaced. NB Please look closely at the plug to check that it has been chewed 
and saturated with saiiva. If not, please ask for a further sample.
9. check the correctly labelled Salivette has been used, record time and date of 
collection on the Salivette NB Do not use a water soluble pen.
10. record the time, location, lighting conditions of the saliva collection any food or 
drink taken and another other information on the form provided.
11. NB please try to get participants to drink, visit the bathroom etc immediateiy 
after a saiiva sample has been collected.
12. following collection store the saliva samples immediately in the correctly labelled 
grip seal bag in the cold box containing dry ice.
13. arrange collection of the frozen samples next day to be taken to the laboratory 
or stored elsewhere at -20°C.
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Appendix M 
Subject code___ Care Home
Date Location
Visual Function Assessment
Vision
Right eye
- can read
- count fingers
- see hand movements
- light perception only
- no light perception
Left eye
- can read
- count fingers
- see hand movements
- light perception only
- no light perception
Cause of blindness
Eg age-related macula degeneration; glaucoma; diabetes; injury; uveitis; other
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Date of onset of blindness------------------------------------------------
Rapidity of visual loss
Days Weeks Months Years
Have you got cataracts?
Right eye left eye both eyes
Have you had your cataracts removed?
Right eye left eye both eyes
If yes when?
Right eye   left eye--------------------------- both eyes -
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Appendix N
Modified TESS- NH/RC
Date / ______ / Time /  am pm
Observer Care Home
Maintenance
Rate the générai maintenance of each of the foliowing areas
Activity/ 
Dining area
Halls
Well maintained 2 2
In need of some repairs 1 1
In need of extensive repairs 0 0
Number of rooms observed
Cieanliness
Rate the générai cieaniiness of each of the foliowing areas
Activity/ Halls
Dining area
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Very clean 2 2
Moderately clean 1 1
Poor level of cleanliness 0 0
Number of rooms observed
Odours
To what extent are odours of bodily excretions (urine and faeces) present in public areas?
Public areas
Rarely or not at all (0-5%) 2
Noticeable in some areas (6-74%) 1
Noticeable throughout much or 
all of the area (75-100%)
0
Safety
Rate the floor surface in the halls
No slippery and /o r uneven surfaces........................2
Mostly free of slippery and/ or uneven surfaces 1
Slippery and /  or uneven surfaces...........................0
To what extent are handrails present in this area?
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Hallways
Extensively 2
Somewhat 1
Little or none 0
Exit control
Total number of exits
Number of exits that are controlled for unauthorised resident exit
Is the front door of the building controlled for unauthorised resident exit?
N o  0
Yes ....1
Lighting
Rate the light intensity in hallways and activity areas
Hallways Activity/ 
Dining areas
Ample 2 2
Good 1 1
Barely adequate/ 0 0
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inadequate
Number of rooms 
observed
To what extent is giare present in haiiways and activity area/ dining?
Hallways Activity/ 
dining areas
A little or none 2 2
In a few areas 1 1
In many areas 0 0
Number of rooms 
observed
is lighting even in the hallways and dining areas?
Hallways Activity/ 
dining areas
Even throughout the area 2 2
Mostly even throughout the 
area
1 1
Uneven; many shadows 
throughout the area
0 0
Number of rooms observed
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Assess the following light levels using the light meter held approximately 30 inches from the 
floor. Take readings In two hallways and two activity/ dining areas
Hallway #1:
1) Brightest area (no closer than 3' from window)_________
2) Darkest area........................................................................
3) Centre of hallway................................... ..............................
Hallway #2: Check if there was: only one hallway □ no hallways □
1) Brightest area (no closer than 3' from window)
2) Darkest area......................................... ..................
3) Centre of hallway................................... ................
Activity/ dining area #1
1) Brightest area (no closer than 3' from window)__________
2) Darkest area......................................... ...............................
3) Centre of hallway................................... ...............................
Activity/ dining area #2: Check if there was only one activity area □
1) Brightest area (no closer than 3' from window)
2) Darkest area......................................... ..................
3) Centre of hallway................................... ................
Phvsicai Appearance/ Homeiikeness/ Personalization
Which of the foliowing describes the predominant configuration of the hallways?
No hallways; rooms open into living (common) area..........................2
Short hallways....................................................................... 1
Long hallways....................................................................... 0
To what extent do the activity/ dining areas contain furniture, decorations, and other features 
that give them a homelike (residential as opposed to institutional) atmosphere?
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Very homelike
(75% or more of activity/ dining areas are "residential")..................3
Moderately homelike
(50- 74% of the activity/ dining areas are "residential")................... 2
Somewhat homelike
(25- 49% of activity/ dining areas are "residential")........................ 1
Not homelike
(less than 25% of the activity/ dining areas are "residential") 0
Is there a kitchen located within the area that Is available for activities and/ or for resident/ 
family use? (sink, stove/ micro, fridge, countertop)
Kitchen facility available for use............................................... 2
Selected kitchen appliances available for use................................. 1
No access to kitchen appliances or no kitchen available................... 0
Are opportunities for stimulation easily available for residents In activity/ dining areas and 
hallways?
Tactile Visual
Extensively 3 3
Quite a bit 2 2
Somewhat 1 1
None 0 0
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Noises
During the observation interval, what was the status of the television In the main activity/ 
dining area?
The television was on all of the time for an activity.............................4
No television present................................................................. 3
The television was off all of the tim e .............................................. 2
The television was on some of the tim e ........................................... 1
The television was on all of the time................................................ 0
During the observation Interval, to what extent did you hear any of the following noises?
Resident 
screaming 
or calling 
out
Staff
screaming 
or calling 
out
TV/ Radio 
noise
Loud
speaker or 
intercom
Alarm or 
call bells
Other
noises
None
present
2 2 2 2 2 2
Some
present
1 1 1 1 1 1
Major
distraction
0 0 0 0 0 0
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Plants
To what extent are plants present In the area?
Activity/ 
Dining areas
Extensively 2
Somewhat 1
Not at all 0
Outdoor Areas
Is there an outdoor area that Is directly accessible to residents?
Outdoor area adjacent; residents may go out on their o w n ..................3
Outdoor area adjacent; staff must unsecure door and 
accompany residents............................................................... 2
Outdoor area present, but is away from area.................................... 1
No outdoor access present......................................................... 0
Overall, how attractive and functional Is/are any outdoor area(s)?
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Attractive Functional
Very 2 2
Somewhat 1 1
Not at all 0 0
No out door areas 9 9
Residents appearance
To what extent does the appearance of ALL residents in public areas reflect attention to 
Individual Identity and pride (hair styled/ combed; extras such as jewellery, watches belts; 
street clothes when up and about)?
Extensively (75% or more of the residents well dressed and groomed) 2
Quite a bit (25-74% of the residents well dressed and groomed)...................1
Little (fewer than 25% of the residents well dressed and groomed).............. 0
Access to public toilet from main actlvltv area
What access to a public toilet Is available from the main activity/ dining area?
The main activity area has a public toilet visible from the area 2
The main activity area has a public toilet near (within 25' of) the area 1
The main activity areas have no public toilet nearby...........................0
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Impressions
Note any striking, unique, or unusual features of this facility/area:
Note any things that were unusual about the day of your visit (e.g., certification visit, key people 
absent, unusual weather, holiday, etc.).
Other comments:
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Appendix Q
Briefing information sheet/poster
U N IV E R S ITY  O f
SURREY
Who are we?
We are from the University o f  Surrey. Our names are 
Benita M iddleton, Lloyd Morgan, Rebekah Luff, Sam 
Hopkins and Daniel Barrett.
What is the purpose of this study?
W e are looking into sleep among older people.
What are we going to do?
We will be putting some lights into some o f the conununal rooms in the care home. 
What will happen if  I do take part?
We will be here for two days a week for 12 weeks. We will ask you some
questions every week and note down what you are doing four times a day. W e will
ask you to wear a watch for us that will tell us
when you are moving and a necklace that will
show us how much light you get. We will also
ask you to do a test that shows us how quick your
reaction times are. Finally we will ask you to
note down when you are going to bed and when
you are getting up and for four evenings throughout the 12 weeks we may ask you 
for a sample o f your saliva.
Do I have to take part?
It is entirely up to you whether or not you want to take part. You will be asked to 
sign a ‘consent’ form. You are free to stop at any time without giving a reason.
What should I  do if I  wish to make a complaint?
To make a formal complaint about any aspect o f  the study please contact the 
principle investigator Prof. Debra J Skene on 01483 689706.
Any questions?
We are happy to discuss any questions you m ight have regarding this study. We 
will be around the care home and are always happy to chat or you can phone 
Benita M iddleton on 01438 689712 or email Sam Hopkins on 
s.hopkins@ surrey.ac.uk.
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